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ABSTRACT
SOURCE, PRODUCTION AND EXPORT 
OF
DISSOLVED ORGANIC CARBON AND NITROGEN
By
Jacqueline A. Aitkenhead-Peterson 
University o f New Hampshire, May 2000
The purpose of this research was to quantify the major sources o f dissolved 
organic carbon (DOC) and nitrogen (DON) in forest soils and ascertain mechanisms for 
their production and export to surface waters. To quantify the source of DOC we made 
use o f the on-going litter manipulation study (DIRT) at Harvard Forest, Massachusetts. 
The organic horizon supplies 74% of DOC to bulk soil solution, 12% is supplied by leaf 
litter, and 13% from root exudate and decay. In plots with no inputs, DON 
concentrations were 9% higher than the control plots. When either roots or litter were 
excluded, DON concentrations increased by 17% and 12% respectively. Both DON and 
DOC concentrations were significantly related to fungal biomass (R2 = 0.99 and 0.90; p < 
0 .01).
We investigated the mechanisms of DOC and DON production and their 
relationship with CO2 and soil C:N ratio and the effect of chronic carbon and nitrogen 
manipulation on these relationships. DOC was significantly related to soil respiration in 
the hardwood plots (R2  = 0.61; p < 0.05), chronic carbon and nitrogen manipulation did 
not affect this relationship. In the coniferous control plots, the relationship between DOC
xii
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and soil respiration was strong and significant (R2  = 0.93 p < 0.0S) but nitrogen 
fertilization affected the relationship. DOC was significantly related to soil C:N among 
forest type and treatment suggesting that the overall mechanisms o f DOC production are 
unaffected by either carbon or nitrogen manipulation.
We examined the effect o f  cold and warm temperature on the relationships 
between DOC, DON soil respiration and soil C:N in a laboratory controlled study. 
Temperature had no significant effect on the relationships between DOC and soil C:N, 
DOC and DON, DON and soil C:N but a significant temperature effect was apparent 
between both DOC and DON and soil respiration. We used mean biome soil C:N ratio 
and mean biome DOC export to derive an empirical model (R2 = 0.99 p < 0.001). The 
model predicted DOC export from contrasting forest types to within 4.5% of their 
observed exports. We estimated global annual riverine DOC export to be between 0.41 
-0 .4 8  Pgyr'1.
xiii
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CHAPTER 1
SOURCES PRODUCTION AND FATE OF 
DISSOLVED ORGANIC CARBON AND NITROGEN
1.1 Introduction
World soils are an important source o f biologically active carbon and play a major 
role in the percentage retention estimate global carbon cycle. The soil organic carbon 
pool is concentrated near the soil surface, and is estimated at about 1500 Pg Carbon 
(Schlesinger, 1977; Post et al. 1982; Eswaran et al. 1993). World soils also contain about 
95 Tg of nitrogen. Eighty per cent o f that is stored in the top 10 cm of the soil surface 
(Lai, 1995). Recent concerns over the possible consequences o f increasing 
concentrations of CO2 , CH4 and N2O in the atmosphere, the inability to balance the 
global carbon cycle, and the possible decoupling o f C and N cycles (Sunquist, 1993; 
Houghton et al. 1998; Asner et al. 1998), have created a renewed interest in developing a 
full understanding o f carbon and nitrogen cycles. One of the major sinks for carbon is 
considered to be northern ecosystems (comprising arctic, boreal forest and northern 
bogs). These ecosystems contain an estimated 22.5 to 29.4% of the total world soil 
carbon pool (Billings, 1987; Post et al. 1990). Forest ecosystems are estimated to 
account for 60% o f the terrestrial carbon pool (Lai, 1995).
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These are significant percentages when one considers the changes in precipitation and 
temperature distribution predicted over the next century (Schneider, 1989) and the impact 
o f moisture and temperature on SOM decomposition. Changes in precipitation and 
temperature distribution in conjunction with the current rate o f forest decline in the 
Northern Hemisphere due to global change, are expected to impact both the carbon and 
nitrogen cycles. Forest floor decomposition, and its concomitant release and 
mobilization of carbon are sensitive to temperature and moisture conditions (Schleser, 
1982; Grieve, 1990; Vance and David, 1991; Raich and Schlesinger, 1992; Peteijohn et 
al. 1994).
Ecosystem models driven by estimations of climate change from general 
circulation models, predict anything between a 1.7% loss to a 4.9% gain in soil carbon 
storage over four climate change scenarios (e.g. Esser and Lautenschlager, 1994). More 
recently, McGuire et al. (1997) estimate a 6.2% increase in soil carbon storage and a 
7.2% increase in vegetation carbon storage for an increase in atmospheric CO2 from 340 
to 680 ppmv. O f the carbon stored in the soil, Harrison et al. (1995) indicate that 50% is 
fast cycling carbon with a turnover time of 10 to 100 years. Trumbore et al. (1996) 
demonstrate fast turnover (7 to 65 years) for 50 - 90% of carbon in the upper 20 cm of 
soil. Although soils do lose carbon through the evolution of CO2 and CH4, a substantial 
proportion o f terrestrial carbon is also lost as particulate and dissolved organic carbon to 
surface waters. Worldwide, riverine transport o f organic carbon to the oceans is 
estimated at between 0.4-0.9 Pg C yr*1 (Schlesinger and Melack, 1981; Degens, 1982; 
Meybeck, 1982; Degens et al. 1991).
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This estimated flux o f organic carbon is 1-2 orders o f magnitude smaller than the 
movement o f carbon between the ocean and the atmosphere (90 Pg C yr'1), and between 
vegetation and the atmosphere (110 Pg C yr'1) (Dixon and Turner, 1991; Schneider,
1989). It is however, roughly equivalent to Schlesinger’s (1990) upper limit 
approximation o f 0.4 Pg C per year for the formation of soil humic substances. Hope et 
al. (1994) suggested that the export rates o f riverine carbon are likely underestimated 
based on three major sources of error in existing data. Probable sources of error include: 
a) lack of storm event sampling (e.g. Grieve, 1984); b) horizontal and vertical variation in 
aquatic particulate organic carbon (Curtis et al. 1979) and c) infrequent sampling of 
carbon as free CO2 in streams and rivers (e.g. Dawson et al. 199S). Predicted increases in 
carbon storage concurrent with anticipated increases in temperature and the change in 
global distribution o f precipitation (Manabe and Wetherald, 1980; Rind et al. 1990) are 
likely to impact both DOC and DON export and hence terrestrial carbon and nitrogen 
loss.
Numerous models generated over the last decade predict an impact o f global 
change on terrestrial carbon and nitrogen cycles. The models generated have been both 
theoretical (Sotlins et al. 1996) and mechanistic (Rastetter et al. 1992; Schimel et al.
1994; Braswell et al. 1997). One major feature o f  these models is the lack o f recognition 
o f dissolved organic matter (DOM) losses from terrestrial ecosystems. While most 
mechanistic models do recognize loss from the carbon cycle as DOC, they tend to base 
loss on discharge. Riverine discharge typically explains < 70% o f the variance in DOC 
export (Moore, 1989; Moore and Jackson, 1989; Fiebig et al. 1990; Grieve, 1991).
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The major objective of this research was to examine the published literature with 
respect to sources and production of DOC, its relationship with DON, and the 
mechanistic controls on their export from terrestrial ecosystems to surface waters. Any 
gaps emerging, patterns, or promising methods to determine DOC and DON sources and 
eventual export to streamwater were investigated.
1.2 Sources of DOC and DON 
Dissolved organic matter (DOM) contains the organic forms of carbon, nitrogen, 
sulfur and phosphorous. The analytical methods for measuring the individual fractions, 
particularly sulfur and phosphorous, can be complex. Accordingly, dissolved organic 
carbon (DOC) and dissolved organic nitrogen (DON) tend to be the major fractions 
determined in soil and stream waters. Typically, DON is quantified by deducting 
dissolved inorganic nitrogen (DIN) from total dissolved nitrogen (TDN) but this 
measurement only describes the concentration of organic nitrogen in solution and not its 
structural forms. It is probable that most DOC and DON are from the same source. For 
example, dissolved organic matter is a composite of many soluble organic substances. 
DOM is composed o f approximately 50% humic substances. Most o f these are fulvic 
acids, resulting from the microbial degradation of plant and animal remains. O f the 
remainder, 30 % is in the form o f macro-molecular hydrophilic acids, and about 20 % 
identifiable low molecular weight organic compounds such as carbohydrates, carboxylic 
acids, amino acids and hydrocarbons (Herbert and Bertsch, 1995). Dissolved organic 
matter is typically the product o f throughfall, root exudate, litter and primary and
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secondary metabolites of microorganisms. Molecular weights of these dissolved organic 
compounds range from 100 - 100000 Da.
Separation of DOC into fractions or individual constituents is typically conducted 
to address issues such as: origin, mobility, chemical structure, complexation capacity, and 
quality of DOC as a substrate for decomposers. Four general approaches have been used 
to fractionate carbon compounds in DOC: a) cataloging individual compounds; b) 
analyzing for broad chemical classes of compounds; c) separation by molecular size 
class; and d) comprehensive (sorption) fractionation. Individual low-molecular-weight 
organic acids are frequently analyzed via high performance liquid chromatography 
(HPLC) to identify and quantify specific organic acids such as oxalic, citric, acetic, 
malic, aconitic, and succinic acids (Fox and Comerford, 1990; Fox, 199S). While these 
low-molecular weight organic acids typically comprise only a small fraction o f the total 
mixture of organic acids in soil solution (Pohlman and McColl, 1988), their chemical 
properties and concentrations determine their reactivity in the soil system.
Partitioning of DOC components into molecular size classes is widely used and is 
a preferred method by some because it can account for all DOC in a given sample. Three 
techniques have been used to fractionate organic compounds in DOC according to 
molecular size: (a) gel permeation chromatography, (b) ultra-filtration, and c) ultra­
centrifugation. Ultra-centrifugation is rarely used for DOC fractionation and is more 
suited to particulate and colloidal studies. The combination o f >3C NMR spectra and 
pyrolysis-field ionization mass spectrometry (Py-FIMS) can be used to identify the 
different components in DOC. The >3C NMR spectra are divided into regions 
corresponding to specific chemical classes used to identify the type o f carbon in solution
5
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such as alkyl-C, O-alkyl-C, aryl-C alcohol-C, acetal-C, phenolic-C (e.g. Guggenberger et 
al. 1994; Frund et al. 1994; Dai et al. 1996). This approach is frequently used following 
sorption chromatography where the compounds are grouped into classes with similar 
physico-chemical characteristics. These identifications o f broad classes of biochemical 
compounds can be used to infer the mode of formation, structures, mobility, and substrate 
quality.
O f the organic nitrogen in the soil, approximately one third to one half remains 
structurally unidentified (Parsons and Tinsely, 1975; Paul and Clark, 1989; Schnitzer,
1991), and half o f that is hydrolyzable based on chemical fractionation (Paul and Clark, 
1989). Soil solution DON likely includes free amino acids, amino sugars, amines and 
intra-cellular enzymes derived from animal and plant decomposition (David et al. 1998). 
Recent advances in the isolation and measurement o f soil extracellular enzymes suggest 
that they may contribute considerably to DON. The combined contribution of DOC and 
DON to soil chemistry in general, such as their use as predictors o f  nitrogen saturation 
(Dise and White, 1995; Harriman et al. 1998) is an important ecosystem issue.
Leaf litter leachate is documented as a major source of DOC in the soil water of 
forested watersheds (Hongve, 1999) and in surface waters (McDowell and Fisher, 1976) 
during the autumn months. It is apparent from the preceding discussion however, that 
specific quantitative allocation o f DOC to different sources has not yet been 
accomplished. An on-going experiment at the Harvard Forest Long Term Ecological 
Research Center offered the opportunity to quantify DOC and DON from roots, litterfall 
and the organic horizon. Chapter Two describes these findings.
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1.3 The functions o f DOC and DON -  Whv do they exist?
There is an insufficient understanding of the ecological and biogeochemical 
significance of terrestrial DOC and DON. Have they important ecological roles in the 
soil system? Understanding o f the importance of detrital food chains in aquatic systems 
has steadily advanced over the last three decades (Meyer and O’Hop, 1983; Meyer-Reil, 
1978; Edwards and Meyer, 1987). Consideration o f the terrestrial detrital food chain has 
remained minimal (Qualls and Haines, 1992a; Yano et al. 1998). Some o f the many 
roles DOC performs have been documented, such as its association with nutrient 
availability and flux (Qualls et al. 1991; David et al. 1995; Marschner, 1995). The ability 
to complex with and mobilize metals (Stumm and Morgan, 1981; Driscoll et al. 1988; 
Martell et al. 1988) and pesticides (Senesi, 1992; Worrel et al. 1997) are also well 
researched, and all affect the quality of ground and surface waters. In light of the 
functions that DOC performs in conjunction with the anticipated increase in DOC flux 
with climate change (e.g. Clair et al. 1999), there is a necessity to understand the controls 
on DOC production.
1.4 Production of DOC and DON 
There is remarkably little in the published literature that describes the production 
of DOC and DON, especially relative to structure. Chapter Two endeavors to quantify 
the relative sources o f DOC and DON, and attempts to investigate the mechanisms 
resulting in their production. Simple abiotic leaching of decomposing material cannot 
possibly result in the variety o f  carbon molecules produced. Furthermore, logic dictates 
that the soil microbial biomass exists, not to consume a relatively small proportion o f the
7
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abiotically leached DOC and DON (e.g. Qualls and Haines, 1992a; Yano et al. 1998), but 
for some other purpose. For example, moisture content and temperature (Christ and 
David, 1996b), soil pH (Geary and Driscoll, 1996; Andersson et al. 1999,2000) have 
been documented as enhancing DOC and DON production. While litter decomposition 
has traditionally been modeled as a function o f these same abiotic variables they are also 
important in regulating both microbial biomass and extracellular enzyme activity in soils 
(Kirschbaum, 1995; Hyano et al. 1999). Microbial activity increases exponentially with 
increasing temperature and a doubling in activity per 10° C increase in temperature has 
been reported.
Recent advances in microbiological techniques have led to some interesting 
insights into DOC and DON production. For example, Mailer et al. (1999) found 
significantly higher DOC production and extra-cellular enzyme activity with Humicola 
sp. fungi than with either bacteria alone or bacteria and fungi together. Seely and Lajtha 
(1997) applied l5N labeled KNO3 to a northern forest. Within a seven-day period, the 
majority o f labeled N was recovered in soil solution. The soil solution was analyzed for 
NHt+, NO3 '  and DON. The major fraction of labeled N was in DON. The results of this 
study suggest either: a) that the major fraction of DON is extra-cellular enzymes, b) that 
the turnover o f soil microbes is extremely rapid, and the labeled DON fraction was 
decomposition of the microbial biomass, or c) labeled DON is the result o f “sloppy 
feeding” by protozoa. Chapter Two investigates DON as a potential controller o f  DOC 
production. The use o f DON as the independent variable was based upon several factors. 
If DON can be used as a  surrogate for extra-cellular enzyme activity in forest soils then I 
assume that increases in DON would result in concomitant increases in DOC.
8
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Furthermore, extracellular enzyme production is substrate induced (Deacon, 1984) and 
release is repressed by glucose concentrations >0.0005M (Griffin, 1972). These 
observations suggest that a study using carbon manipulation may induce production of 
these enzymes, which can be measured as DON.
Chapter Three describes the use o f laboratory soil columns to investigate 
temperature effects on decomposition dynamics. Tropical and temperate forest soils 
were used in this study. I wished to quantify the relationships between DOC, DON, CO2 
and soil C:N and the effect o f extreme temperatures on these soils.
Soil respiration is indicative o f microbial activity. Freeman et al. (1997) report a 
significant positive correlation between soil CO2 evolution and glucosidase exo-enzyme 
activity. In addition, soil respiration is the product of approximately 33% root respiration 
and 67% microbial respiration (Bowden et al. 1993). To investigate DOC production 
further at the plot scale, and the effect o f chronic nitrogen and carbon manipulation on 
that production, I used soil respiration as an indicator of microbial activity in hardwood 
and coniferous stands at Harvard Forest. The results of this experiment are presented in 
Chapter Four.
1.5 Fate o f DOC and DON 
The fate o f DOC and DON can be one of, or a combination of, immobilization, 
mineralization, and adsorption in the mineral soil, and/or transportation to surface waters. 
The labile (low molecular weight) fractions o f both DOC and DON are typically 
consumed by soil microbes (Yano et al. 1998; Qualls and Haines, 1992a; Hadas et al.
1992). The hydrophobic fraction is sorbed to mineral soil (e.g. Leenheer, 1980), and the
9
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balance is typically found in streamwater.
1.5.1 Loss o f DOC and DON through immobilization and mineralization
Very little research has been performed on the bioavailability of DOC in soil 
solution (Qualls and Haines, 1992a; Boyer and Groffman, 1996; Yano et al. 1998; Yano 
et al. in press). Typically < 27% of forest floor soil solution DOC is bioavailable (Qualls 
and Haines, 1992a; Boyer and Groffinan, 1996; Yano et al. 1998). This fraction 
corresponds extremely well to the 24% glucose found in Norway spruce DOM 
(Guggenberger et al. 1994). Qualls and Haines (1992a) used flask incubations to 
investigate the biodegradability of DOC and DON in throughfall, soil solution obtained 
from several soil horizons, and streamwater. Their method was to aerate inoculated 
solutions in flasks for a period of 134 days measuring the DOC content at intervals to 
monitor reductions in concentration o f DOC. They report that the highest quantity of 
labile carbon was in throughfall (48.7%). The percentage of labile carbon gradually 
decreased to 27% as the solution traveled through the Oi, and Oa soil horizons. The 
minimum percentage of labile carbon was found in the A horizon (13.9%) suggesting that 
much o f the labile carbon percolating through the soil had been consumed by the time it 
reached the A horizon. As soil solution percolates from the A, through to the AB and B 
horizons, the percentage lability increased from 13.0% to around 25%. This suggests 
either production o f labile carbon at depth, or preferential retention of non-labile carbon 
in the mineral soil is occurring. Yano et al. (in press) quantified bioavailable DOC in 
throughfall and Oa horizon soil solution using a flow through method. They found that 
between 50 and 75% of throughfall is labile.
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Yano et al. (1998) found a similar percentage of labile DOC to Qualls and Haines 
(1992a) in the summertime soil solution o f Oa horizons in both hardwood and pine 
forests (19.8% pine and 16.8% hardwood).
My findings with respect to soil solution DOC and DON production and fungal 
and bacterial interactions suggest that a bioavailability study including all treatments at 
the DIRT plots would produce an interesting set of results. Preliminary experiments 
using flow-through bioreactors for the measurement o f labile DON were unsuccessful. I 
did find though that coniferous forests immobilize more total dissolved nitrogen than do 
hardwood forests. Coniferous forests immobilized 57% and hardwood forests 55% of 
introduced total dissolved nitrogen (TDN). The percentage DON of TDN did not change 
significantly between inflow and outflow solution. The major problem with this type of 
study is the likely rapidity of N-transformations during the travel through the bioreactor. 
Furthermore, while one assumes lability, results may be purely abiotic retention.
1.5.2 Adsorption of DOC and DON in mineral soil horizons
Several investigators have reported marked decreases in DOC concentration 
during its movement from organic to mineral horizons to streamwater. Particularly large 
decreases in DOC concentration between the organic and mineral soil horizons occur in 
spodosols (McDowell and Wood, 1984; Koprivnjak and Moore, 1992; Vance and David, 
1992; Guggenberger and Zech, 1993). Decreases in DOC have also been reported in 
inceptisols and ultisols (Qualls etal. 1991, McDowell, 1998); alfisols (Chittleborough et 
al. 1992; Donald et al. 1993); and oxisols (McLain et al. 1997). While spodosols typically 
adsorb DOC, there are also reported occurrences o f DOC desorption (Ferrier et al. 1990; 
Dahlgren and Marrett, 1991; McClain et al. 1997).
11
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The Rio Negro, a tributary of the Amazon (McLain et al. 1997), watershed 9 at Hubbard 
Brook (Campbell et al. 2000), and the black water rivers o f South Carolina (Dosskey and 
Bertsch, 1994) are rivers displaying atypical DOC export, and are likely candidates for 
DOC desorption. McDowell and Likens (1988) report high DOC adsorption in the mid­
elevation soils o f Hubbard Brook’s watershed 9. In contrast, I found DOC adsorption 
much reduced in the riparian soil o f  this same watershed (Chapter 3).
There is no doubt that DOC is retained in mineral soil horizons by adsorption. 
Several studies have shown, using Langmuir isotherms, the extent to which the mineral 
soils o f various ecosystems adsorb DOC (McDowell and Wood, 1984; Jardine et al.
1989; Kennedy et al. 1997; McDowell, 1998). The mechanism by which DOC is 
adsorbed to mineral surfaces is debatable. Anion exchange, ligand exchange, water and 
cation bridging, hydrophobic interactions, Van der Walls forces, dipole-dipole 
interactions, n-it bonds between aromatic or highly conjugated groups and hydrogen 
bonding (non-ionic compounds) are all mechanisms which potentially contribute to DOM 
retention (Parfitt et al. 1977; Tipping, 1981; Jardine etal. l989;Jekel, 1991; Pignatello, 
1993; Gu et al. 1995). Many o f these mechanisms are speculative, rather than proven.
Specific soil attributes are advocated as being responsible for DOC sorption in the 
mineral soil (Table 1.1). It appears that the higher the clay or aluminum and iron oxide 
content o f a soil, then the greater its adsorptive capacity for DOC. These secondary 
minerals also have the capacity to chemically and physically protect DOC from microbial 
degradation. Certain fractions o f DOC appear preferentially adsorbed to the secondary 
minerals. Hydrophobic acids such as tannic acid are the carbon fraction most commonly 
adsorbed to mineral soil (Leenheer, 1980; Dai et al. 1996; Kennedy et al. 1996; Kaiser
12
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and Zech, 1998). In contrast, hydrophilic acids are the fraction most commonly observed 
to de-sorb from mineral surfaces (Kaiser and Zech, 1998). Soil pH also appears to affect 
the ability of mineral soil to adsorb carbon (Jardine et al. 1989). In reducing conditions, 
there is no preference for hydrophobic over hydrophillic DOC adsorption (Hagedom et 
al. 2000). One o f the major problems in scaling up from laboratory adsorption studies to 
the field is the methodology used by several researchers. For example, most researchers 
use high (room temperature) or uncontrolled temperatures making it virtually impossible 
to separate abiotic adsorption from microbial uptake as the mechanism responsible for 
DOC reduction in mineral soil. Some researchers actively eliminate microbial activity in 
their soil prior to sorption experiments. Freeze drying (Dai et al. 1996), air drying 
(Moore et al. 1992; Kaiser and Zech, 1996) and oven drying (Kennedy et al. 1996) have 
all been used to reduce microbial activity. Other researchers addressed the possibility of 
microbial uptake o f DOC by autoclaving their soil or sediment prior to use (e.g. 
McDowell, 1985) or by conducting their experiments < 6 ° C (McDowell and Wood, 
1984; Dahlgren and Marrett, 1991; McCracken, 1998). Even temperatures of < 6 °C are 
too high to eliminate microbial activity (e.g. Brooks et al. 1999). Grinding of soil will 
expose fresh mineral surfaces and enhance microbial activity when aggregates are broken 
down to expose smaller pore spaces (Dalva and Moore, 1991). Some researchers use 
non-indigenous DOC (Inoue and Wada, 1968; Jardine et al. 1989; Moore et al. 1992; 
Kaiser and Zech, 1998), while others use single organic acids such as humic, tannic and 
citric acids (Huang and Schoenau, 1977; Schulthess and Huang, 199; Kennedy et al. 
1996). A final criticism in methodology of DOC sorption studies is the neglect of the 
initial flush o f microbial activity when the air-dried soil samples are wetted (Kieft et al.
13
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1987). DOC mineralized can be almost 2000 times higher than DOC released in 
leachate. This suggests that the majority o f sorption studies may well over-estimate the 
amount of DOC adsorbed.
It is not apparent in the literature whether experimental procedures typically 
remove organic carbon from the mineral soil o f interest prior to adsorption studies.
When Jardine et al. (1989) removed indigenous carbon the result was a four-fold increase 
in DOC. It follows, then, that if indigenous carbon is not removed prior to experimental 
procedure, then the DOCnp may be affected by the availability of sorption sites in the soil 
being studied. Several studies have noted that DOC sorption is hindered in mineral soils 
containing high quantities of organic carbon (Jardine et al. 1989; Dalva and Moore, 1991; 
Guggenberger and Zech, 1992; Zech et al. 1994). The DOC adsorbed in studies is 
potentially a “snapshot” of a soil’s adsorptive capacity at that point in its evolution.
While it is clear from the literature that DOC concentrations typically decrease as they 
percolate down through the soil horizons, controlled laboratory adsorption experiments 
are limited in the degree to which they c<m be scaled up to plot studies. The gross flux of 
DOC is reduced by approximately 80% during its transport through the soil solum (Table 
1.2). Thus adsorption appears to be a major factor in reducing the export of terrestrial 
carbon to surface waters.
No one has quantified DON adsorption in the mineral soil in a laboratory setting. 
Approximations can be made however by examining Table 1.2. DON appears to be 
adsorbed, mineralized or immobilized in a similar extent to DOC. One exception is a 
hardwood.stand with high nitrogen input, here DON retention is much higher than that o f 
DOC. If we can quantify the proportions o f DOC reduction during transport into
14
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mineralization, microbial immobilization and adsorption then we may gain some further 
insight into carbon cycling. A column/horizon study (Chapter 3) enabled us to estimate 
the potential adsorption capacity for DOC of seven soils from tropical and temperate 
forests.
1. 6  Controls on DOC and DON export
1.6.1. Hydrology
The control on DOC export to surface waters has been documented by several 
authors (e.g. McDowell and Wood, 1984; Eckhardt and Moore, 1990; Clair et al. 1994; 
Hope et al. 1997a). At a larger scale, riverine export o f carbon has been modeled using 
physiographical attributes o f a watershed. These attributes have included river discharge, 
precipitation, basin size and slope (Rasmussen, et al. 1989; Eckhardt and Moore, 1990; 
Esser and Kohlmeier, 1991; Clair et al. 1994). Controls on riverine DOC concentration 
and export have also included attributes o f the soil profile such as DOC adsorption or 
carbon density (McDowell and Wood, 1984; Hope et al. 1997a; Aitkenhead et al. 1999).
Within a watershed, hydrologic flow path is probably the most important factor 
regulating DOM export. This is mainly due to the variation of DOM adsorption with soil 
depth, and the availability o f DOM for transport, which also varies with soil depth. The 
volume and intensity of a rainfall event together with the infiltration capacity o f a soil 
determine the flow-path o f water within watershed soils. This in turn determines how 
much organic matter is transported in the dissolved and particulate phase. The 
relationship between rainfall intensity and the infiltration capacity of a soil is important in 
determining how much o f the falling rain will flow over the ground surface
15
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Table 1.1 Soil attributes responsible for DOC adsorption in mineral 
soils______________________________________________________
Soil Attribute Source
Clay content Fahey and Yavitt, 1988
%C in B horizon
Kaiser and Zech, 1996 
Nelson etal. 1990 
Nelson etal. 1993 
Inoue and Wada, 1968 
McCracken, 1998
Goethite and gibbsite
McDowell and Wood, 1984 
Sibandaand Young, 1986
Soil mineral surface area
Tipping, 1981 
Mayer, 1994 a, b
HC1 extractable Fe and Al
Tipping, 1981
McDowell and Wood, 1984
Oxalate-extractable Al and Fe Dalvaand Moore, 1991
Dithionite-extractable Fe
Moore et al. 1992 
Jardine etal. 1989
Temperature
Moore et al. 1992 
Jardine etal. 1989
pH Jardine etal. 1989
Phyllosilicate amorphous Al and Si surface coatings
Kennedy etal. 1996 
Vance and David, 1989 
Rustad et al., 1993 
Schultess and Huang, 1991
Soil solution chemistry 
(Ionic strength and [NO3'  SO42*] Evans etal. 1988
Mn oxides
Guggenberger and Zech, 1992 
Tippine and Heaton. 1983
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Table 1.2. The percentage of DOC and DON reduction through either consumption (mychorizal, plant or microbial) or 
adsorption between organic and mineral soil horizons in undisturbed forestsand forests that have been exposed to high acid 
deposition or nitrogen fertilization____________________________________________________________________________









HF (CHRONIC-N) Control Hardwood 45.3 47.5 0.95 Inceptisol Currie etal. 1996
HF (CHRONIC-N) Control Pine 58.0 43.7 1.32 Inceptisol Currie etal. 19%
W6 HBEF -  Mull horizon Mixed 89.5 - - Spodosol McDowell and Wood, 1984
W6 HBEF -  Mor horizon Mixed 92.1 - - Spodosol McDowell and Wood, 1984
Wulfersreuth Spruce 96.7 - - Spodosol Guggenberger. 1994
Hohe Matzen -  S042' -S damage Spruce 82.6 - - Spodosol Guggenberger, 1994
HEF (CHRONIC-N) LowN Hardwood 36.1 34.4 1.05 Inceptisol Currie etal. 19%
HEF (CHRONIC-N) HighN Hardwood 49.5 66.7 0.72 Inceptisol Currie et al. 19%
HEF (CHRONIC-N) Low N Pine 59.0 61.7 0.96 Inceptisol Currie etal. 19%
HEF (CHRONIC-N) High N Pine 72.8 76.9 0.95 Inceptisol Currie etal. 19%
ILWAS Adirondack Hardwood 70.4 - - Spodosol Cronan, 1985
Chon, Scotland Norway spruce 85.7 - - Spodosol Ferrieretal. 1990
Kelty, Scotland Sitka spruce +8.3 - - Gleysol Ferrier et al., 1990
Aptal, Switzerland Norway spruce 
(mound)
55.0 46.5 1.20 Humaquept Hagedom et al. 2000
Aptal, Switzerland Norway spruce 
(hollow)
25.0 28.7 0.87 Humaquept Hagedom et al. 2000
directly into surface waters, and, and how much will enter the soil. Once rainwater has 
infiltrated the soil, it may move in one o f several ways. Infiltrated water may advance 
laterally through the organic horizon of the soil column (throughflow or interflow), 
percolate down to the water table under gravity as soil reaches field capacity, or return to 
the atmosphere as evaporation or transpiration. In a temperate forested watershed, the 
soil infiltration capacity typically exceeds the rainfall intensity and consequentially the 
rate of infiltration tends to be equal to the water supply at the soil surface. The process of 
water infiltration under field conditions can be quite complex. This can be due to 
numerous factors such as the non-uniformity of soil moisture content and soil properties, 
hysteresis, changes in soil and boundary conditions over time and the existence o f two- or 
three-dimensional flows. Barriers to infiltration of the soil column include the 
occurrence o f orstein horizons and fiagipans in the soil profile particularly in humid 
temperate ecosystems. In arid and humid tropical ecosystems, a duripan may act as an 
infiltration barrier. In sub-arctic ecosystems, the depth o f permafrost can regulate the 
infiltration capacity of a soil. In watersheds where a barrier to infiltration occurs, the 
concentrations o f DOC in surface waters can be quite high (e.g. MacLean et al. 1999). 
Furthermore, in watersheds where the slope is steep and the soil shallow, DOC export can 
be exceptionally high (e.g. Campbell et al. 2000).
Previous studies on DOC production and export have indicated a physical control 
on an abiotically derived DOC. As a result o f my research findings I opted to use an 
independent variable that incorporated some measure o f  biotic control. Basin size and 
slope may be the same in a watershed draining a temperate deciduous forest as in a  
watershed draining cool temperate grasslands yet their DOC exports are very different.
18
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This contrast in DOC export is due to different vegetation, and as a consequence, soil 
microbial communities established to decompose the differing substrates. To produce an 
empirical model describing DOC export at a global, biome and watershed scale I used 
mean watershed soil C:N ratio. Use of export rather than concentration of DOC 
incorporates the hydrology of the watershed into the model. The results o f  this study are 
presented in Chapter 6 .
Very little work has been done on modeling DON export (Meybeck, 1982; Clair 
and Ehrman, 1998). Modeling DON export at the large scale has been largely impossible 
due to the scarcity o f DON export data in the published literature. Meybeck (1982) used 
DOC as a support parameter to estimate DON export assuming a mean DOC:DON ratio 
of 20. Building upon relationship between DON production and soil solution DOCrNE* 
ratio at the microcosm and plot scales I showed the difficulty in modeling DON export. 
The results of this exercise are outlined in Chapter 5.
My final question was “Will soil carbon and nitrogen pools alter with increases in 
temperature and what will be the effect on soil C:N ratios?” I used the laboratory soil 
column study of tropical and temperate soils to answer this question, the results of which 
are presented in Chapter 3.
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CHAPTER 2
SOURCES OF DISSOLVED ORGANIC CARBON 
AND NITROGEN IN A TEMPERATE HARDWOOD FOREST FLOOR
2.1. Introduction
Soil organic matter is one o f the defining characteristics o f a forest soil. Moisture 
holding capacity, aeration, and cation retention are influenced by, and typically increase 
with, organic matter content. Trees and herbaceous vegetation are dependent largely 
upon the release o f nutrients from decomposing organic matter to fulfill their nutritional 
needs. The quality or decomposability o f organic matter thus influences tree growth and 
forest dynamics (Nadelhoffer et al. 1983; Aber et al. 1991). In addition, soils are also an 
important pool o f organic carbon and play a major role in the global carbon cycle. The 
estimated soil organic carbon pool in the near-surface soil horizon is 1500 Pg C 
(Schlesinger, 1977; Eswaran et al. 1993). Soils also contain approximately 95 Pg N (Post 
et al. 1985), 80% of which is in surface horizons.
The balance between organic matter inputs and outputs determines the amount of 
carbon stored in a soil. Inputs include litter-fall (leaf, buds and twigs), root exudate and 
root decay, all o f which are products of relatively recent photosynthesis. Outputs include 
respiration o f the soil microbial community and leaching o f dissolved organic carbon 
(DOC). While leaf litter contributes large amounts of soluble carbohydrates and 
polyphenols to soil solution DOC (McClaugherty, 1983; Hongve, 1999), little is known 
about the contribution o f roots to soil solution DOC in forests.
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Typically, studies have been carried out in mesocosms and with either agricultural 
species or grasses (e.g. Hodge et al. 1996), and show higher carbon release in root 
exudate as a response to different stresses. For example, increased NaCl (Meharg and 
Killham, 1991), nutrient deficiencies (Marschner, 199S) and water stress (Barber and 
Martin, 1976; Martin, 1977) all promote increases in DOC exudate by roots. Increased 
importance o f fungi versus bacteria can also promote DOC production (Mailer et al. 
1999).
Little is known about the source of dissolved organic nitrogen (DON) in soil 
solution; typically it is assumed to be similar to DOC and largely a product of the 
decomposition of SOM. Different fractions of DOC also contain nitrogen, for example, 
the hydrophilic acid fraction o f DOC is N- enriched (Qualls et al. 1991b; Guggenberger 
et al. 1994). Components of DON are likely to include intracellular enzymes, nucleic 
acids, nucleotides, amino acids and amino sugars derived from the decomposition of 
plants or microbes. DON is also likely to contain a significant proportion of extracellular 
enzymes. While isolation of soil extra-cellular enzymes is difficult, (Tabatabai and Fu, 
1992), advances have been made in documenting the activities o f several extra-cellular 
enzymes in wetlands and forest soils (e.g McLatchey and Reddy, 1998; Decker et al.
1999). Extra-cellular enzyme activity is also significantly related to soil organic matter 
content (Dinesh et al. 1998; Bandick and Dick, 1999), and likely to contribute a large 
fraction of soil solution DON.
Soil organic matter is sensitive to environmental influences such as climate 
change, increasing nitrogen deposition and atmospheric CO2 . For example, hurricanes 
and tropical storms can cause a sudden mass deposition o f nutrients in the form o f green
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litter to the forest floor (Lodge et al. 1994). Increased temperature can result in increased 
SOM decomposition and losses o f carbon in both dissolved and gaseous form. In a 
recent study using peat monoliths, Tipping et al. (1999) found that warming and drying 
can accelerate DOC production in the short term. Nitrogen saturation o f soil through 
deposition and fertilization may also increase organic matter decomposition and thereby 
dissolved organic carbon production (Kuperman, 1999; McDowell et al. 1998; 
Wallschleger et al. 1995). Fertilization by enhanced atmospheric CO2 may affect SOM 
by increasing litter input. For example, Wallschleger et al. (1995) report a 31% increase 
in total plant dry mass, equally partitioned between leaves stems and roots with enhanced 
atmospheric CO2 .
The main objective of this study was to quantify the contribution o f DOC and 
DON from above- and below-ground litter to bulk soil solution. I hypothesized that by 
removing above- and below-ground litter I would find reduced concentrations of DOC 
and DON and that by adding litter, concentrations in soil solution would increase. This 
rationale was based on expectations of lower microbial biomass, and hence lower 
productivity, in plots with litter source removed and higher microbial biomass and higher 
productivity in plots with additional litter. I also expected that nitrate, potassium and 
calcium concentrations would increase in plots with no root uptake and that potassium, 
calcium and phosphate concentrations would decrease with leaf litter exclusion and 
increase with double annual leaf litter. I tested these hypotheses in a series o f long-term, 
plot-level manipulations in a mixed oak forest.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.2 Study sites
The previously established DIRT (Detritus, Input, Removal and Trenching) plots 
at the Harvard Forest Long Term Ecological Research (LTER) site were used to assess 
the processes driving soil solution chemistry in the forest floor. The site is a I .OS ha area 
situated in an 85-year-old mixed hardwood stand at the Harvard Forest in north central 
Massachusetts (42° 3’ N, 72° 12”W). The predominant tree species are northern red oak 
(Quercus borealis), red maple (Acer rubrum) and paper birch (Betula papyrifera). Soil at 
the site is a moderately well drained inceptisol derived from glacial till deposited over 
granite, gneiss and schist. Ground water occasionally occurs within a few centimeters o f 
the soil surface at the bottom slope plots after heavy rain in the fall and during snowmelt 
in the spring (pers. obs.). The regional climate is cool temperate (July mean 20° C, 
January mean -7° C) and humid, with an annual mean precipitation of 1100 mm evenly 
distributed throughout the year. A more detailed description o f the study site can be 
found in Bowden et al. (1993).
2.3 Materials and Methods
2.3.1 Plot establishment
The DIRT plots are a series o f  3 x 3 m plots established in 1990. Treatments are 
as follows: 2X = twice the annual above ground litter input; OX = annual above ground 
litter inputs excluded; C = control plots with normal annual above ground litter inputs; T 
= plots trenched and root re-growth into plots prevented; TOX = plots trenched and root 
re-growth prevented, annual above-ground litter inputs excluded; Oa-less = soil O and A 
horizons removed and replaced with B horizon material retrieved from nearby
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excavations. The slope is approximately 5% at the site therefore a stratified random 
approach was used to establish the DIRT plots at up-slope, mid-slope and down-slope 
positions within the site. One o f each o f the manipulated plots and two control plots was 
located randomly at each of the slope positions.
Litter inputs are intercepted each year by placing a plastic mesh sheet over the OX 
and TOX litter exclusion plots from early September until early November (Pat Micks, 
pers. comm.). The litter caught in the mesh is transferred to the 2X litter plots to ensure a 
double litter input. Black plastic mesh is installed at each o f the plots to ensure that the 
above ground litter stays in place, and this is “flipped over” each year so that new litter is 
held in place with old litter. Newly fallen woody litter is removed from the OX plots 
throughout the growing season. At the trenched plots, a 70 - 100 cm deep trench 
extending approximately 20 cm below the bottom of the rooting zone was dug 0.5 m 
outside the plot boundaries. Corrugated fiberglass sheets (3 mm) were placed in the 
trenches to prevent root re-growth and the trenches refilled. The plots are kept free o f 
seedlings and herbaceous vegetation to ensure no roots are present from any source. Zero 
tension (ZTL) and tension (TL) lysimeters (Prenart Super Quartz) were installed in the 
plots in 1993 for collecting organic and mineral soil solution, respectively. ZTLs are 
placed just below the organic horizon and TLs at a depth o f 60 cm.
2.3.2 Field collection of soil solution
Soil solution from both ZTLs and TLs was collected within 24 hours o f rainfall 
events between May and November 1997. The majority of TLs produced samples from 
the beginning o f May until the beginning o f June only. I assume that roots took up any 
surplus water before the tension lysimeters did. This assumption is supported by the fact
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that the two trenched treatments provided TL samples throughout the summer. Solutions 
were transferred to the laboratory on ice and filtered within four hours of collection 
through ashed (450° C for S hours) Whatman GF/F filters (nominal pore size 0.7 pm) and 
frozen in acid-washed HDPE bottles until analysis.
2.3.3 Laboratory analysis o f soil solution
A Shimadzu TOC-5000 total organic carbon analyzer with acidification and 
sparging was used to measure non-purgeable organic carbon (DOC). Total dissolved 
nitrogen (TDN) was measured using high temperature Pt-catalyzed oxidation (Shimadzu 
TOC 5000 furnace) with a chemiluminescent nitrogen detector (Merriam et al. 1996). 
Chloride, nitrate, sulfate, sodium, potassium, magnesium and calcium were analyzed 
using a Waters HPLC with conductivity and UV Vis detectors. A Dionex Anion Self- 
Regenerating Suppressor (4 mm) and lonpac AS4A (10-32) Analytical Column were 
used to separate Cl*, NO3* and SO42*; NO3* was quantified by using UV detection (214 
nm) while the other ions were quantified by conductivity detection; Na+, K+, Mg2+ and 
Ca2+ were measured using a Waters IC-Pak cation column and conductivity detection. 
Flow injection analysis colorimetry (Lachat) was used for NH4* (phenol hypochlorite 
method with sodium nitroprusside enhancement) and PO43'  (ascorbic acid method with 
ammonium molybdate and antimony potassium tartrate). Dissolved organic nitrogen 
(DON) was calculated as [TDN] - ([NO3] + [NH4 ]. As DON is calculated by difference, I 
found that values were slightly negative for approximately 2 % of the samples analyzed.
A DON concentration of 0 mg l*1 was assigned to these samples. Three EPA-certified 
reference standards were analyzed during each run to ensure accuracy of the working 
stock solutions. Replicates o f standards and samples were analyzed every 10th
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sample. Coefficient o f Variation (CV) was calculated for each replicate. If the CV was 
>5% for any sample it was re-analyzed in duplicate. Typically less than 1% of samples 
exceeded a CV of 5% and these tended to be samples with very low concentrations. Kate 
Lajtha (Nadelhoffer et al. in preparation) conducted soil microbial counts at the plots and 
the data were made available for this study.
2.3.4 Statistical analysis
Tests o f normality showed that DOC and DON concentrations in the organic 
horizon did not deviate significantly from normal distributions. The remainder o f ions 
violated assumptions o f normality and were transformed using Logio prior to statistical 
analysis. A ‘repeated measures’ ANOVA (Analysis of Variance) was used to determine 
the effect o f slope and treatment on soil solution chemistry for solutions from both the 
organic and mineral horizons. Paired t-tests with pooled variance and a Cl o f 99% were 
used to test the hypothesis that removal o f above-and below-ground litter reduced, and 
addition o f litter increased, the concentration of DOC and DON in soil solution. Paired t- 
tests with pooled variance and a Cl o f 99% were used to test the hypothesis that that 
NO3-N, K+ and Ca2+ would increase with root exclusion and the hypothesis that K+, Ca2+ 
and PO4-P would decrease with leaf litter exclusion. Paired t-tests with pooled variance 
and a Cl o f 95% were applied to the mean growing season data for the remainder o f 
cations and anions to test the null hypothesis that the soil solution chemistry in various 
treatments was equal to the soil solution chemistry o f the control. Regression analysis 
was used on non-transformed datum to quantify significant relationships between 
variables.
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2.4 Results
The repeated measures ANOVA indicated a significant treatment effect on 
organic soil solution D O C , D O N , N O 3-N , N H 4-N , SO 4-S, PO4-P, Ca2+, Mg2+, and K+ and 
no treatment effect on CT and Na+. Only soil solution Cl* was significantly affected by 
topographic position (slope) in the organic horizon (Table 2.1). In the mineral soil there 
was neither treatment nor slope effect on soil solution chemistry with the exception of a 
treatment effect for PO 4-P and a slope effect for SO4-S and N O 3-N  (Table 2.2). My 
original hypotheses for the forest floor soil chemistry were accepted in some cases and 
rejected in others (Table 2.5).
2.4.1 Treatment effects on the growing season mean concentrations of DOC. DON and 
ions in forest floor and mineral soil solution
The addition o f litter increased both DOC (p < 0.05) and DON (p < 0.01) in the 
forest floor but there was no increase in the mineral soil solution. Removal o f above­
ground litter did not significantly reduce concentrations o f either DOC or DON in the 
forest floor or the mineral soil. Removal o f root input did not significantly reduce DOC 
or DON concentrations in either the forest floor or mineral soil. Removal o f  both litter 
and roots (no input) resulted in significantly reduced forest floor DOC and increased 
DON (p < 0.05) but had no effect on the concentrations o f DOC and DON in the mineral 
soil. DOC and DON were significantly reduced in the forest floor Oa-less treatment (p < 
0 .0 1 ) but in the mineral soil, concentrations o f these two nutrients were not significantly 
different from the control (Tables 2.3 and 2.4).
Doubling above-ground litter input resulted in higher concentrations of 
ammonium (p < 0.01), calcium (p < 0.01) and magnesium (p < 0.05) than the control.
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When above-ground litter input was removed, soil solution ammonium (p < O.OS), and 
sulfate (p < 0 .0 1 ) were significantly higher and potassium (p< 0 .0 1 ) significantly lower 
than the control. Treatments with no roots had significantly higher nitrate, ammonium 
and calcium concentrations (p < 0 .0 1 ) and significantly reduced phosphate concentrations 
(p< O.OS). When both leaf litter and roots were excluded sulfate, calcium, nitrate and 
ammonium concentrations were significantly increased (p < 0.05 -  0 .0 1 ) and potassium 
concentrations reduced (p < 0.01). In the Oa-less treatment, nitrate, ammonium, 
magnesium and calcium concentrations were significantly higher (p < O.OS -  0.01) than 
the control.
I made no predictions regarding ammonium in my original hypothesis but found 
mean annual concentrations were significantly higher in all treatments with litter 
manipulation. To investigate this further I plotted ammonium concentrations against 
bacterial biomass in an effort to determine the mechanisms responsible for increased 
ammonium (Figure 2.1). As the bacterial biomass increased so did ammonium 
concentrations (R2 = 0.96 p < O.OS). There was no correlation between ammonium and 
fungal biomass and a significant hyperbolic relationship between ammonium and the 
fungal :bacteria ratio (R2 = 0.94 p < 0.05).
Treatment did not exert a large effect on soil solution chemistry in the mineral 
soil. The exceptions were the Oa-less treatment with significantly higher phosphate 
concentrations than the control (p < O.OS) (Table 2.4).












Tabic 2.1 F-Ratios and significance of Repeated Measures ANOVA for the organic horizon soil solution. Superscript * = p < 
0.05 and indicate a significant treatment or slope effect on soil solution nutrients. Df -  Degrees of freedom, ND -  Normal 
distribution.
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Table 2.2 F-Ratios and significance of Repeated Measures ANOVA for mineral horizon soil solution. Superscript * = p < 0.05 
and indicate a significant treatment or block effect on soil solution nutrients. Df -  Degrees of freedom.______________
df DOC Cl* NO3-N SO4-S PO4-P NH4 -N DON
Transformed Logio Log10 Log,o Log,o Logio Log,o Logio
TREATMENT 5 1.04 1.54 1.65 0.93 6.05* 0.91 0.52












Tabic 2 3  Mean growing season concentrations of nutrients and ions in forest floor soil solution. Values in italics are 1 
standard error of the mean. Superscript * p < 0.05, ** p < 0.01 show significant difference from the control.________
Treatment DOC NH4-N NO3 -N DON PO4 -P SO4-S
mg/1
Ca Mg2T NaT K+ c r
t-test (pooled 
variance)
1 -tail 2  tail 1 tail 1 tail 1 tail 2  tail 1 tail 2  tail 2  tail 1 tail 2  tail
Control 23.19 0.16 0.32 0.55 0.45 1 . 0 0 0 . 6 8 0.48 0 . 8 6 3.07 2.73
1.34 0.03 0.03 0.03 0.09 0.07 0.05 0.04 0.10 0.30 1.90
2X Litter Input ♦28.48 ♦♦0.54 0.39 ♦♦0.81 0.48 1.23 ♦♦0.91 ♦0.60 1.08 3.24 0.85
2.87 0.20 0.06 0.06 015 0.13 0.06 0.04 0.15 0.39 0.25
0 Litter Input 20.31 ♦0.37 0.47 0.70 0.24 ♦♦1.55 0.64 0.42 0.83 ♦♦1.53 0.98
1.24 0.09 0.07 0.10 0.06 0.10 0.05 0.04 012 0.19 0.36
No Roots 19.93 ♦♦0.40 ♦♦0.77 0.64 ♦0.42 1.03 ♦♦1.25 0.51 1 . 1 0 2.51 1.08
1.34 0.13 0.16 0.07 0.08 0.11 0.11 0.05 0.19 0.29 0.38
No Roots ♦17.20 ♦0.44 1 . 0 2 ♦0.97 0.15 ♦♦1.41 ♦♦1.79 0.61 0.87 ♦♦1.30 0.81
No Litter 1.61 0 . 2 1 0.59 0.30 0.07 0.13 0.30 0.10 0.20 0.24 0.36
No Oa Horizon ♦♦12.78 ♦0.37 ♦♦0.87 ♦0.40 0.34 1.08 ♦♦1.37 ♦0.62 0.80 3.22 0.67













Table 2.4 Mean growing season concentrations of nutrients and ions in the mineral soil solution. Values in italics are 1 
standard error of the mean. Superscript * p < 0.05__________________________________________________________
Treatment DOC DON n h 4-n NOj-N
(mg/1)
PO4-P s o 4-s c r
t-test
(pooled variance) 1 -tail 1 tail 2  tail 2  tail 2  tail 2 tail 2  tail
Control 2.99 0.40 0.08 0.07 0.006 2 . 0 1 3.40
0.51 0.14 0.03 0.02 0.002 0.14 0.19
2X Litter input 2.33 0.14 0.08 0.08 0.005 1.92 3.01
0.84 0.12 0.05 0.04 0.001 0.17 0.08
0 Litter input 2.97 0.25 0 . 0 2 0.06 0.004 1.94 2.80
0.76 0.17 0.01 0.01 0.001 0.21 0.59
No Roots 2.54 0.39 0.16 0.24* 0.004 2 . 1 0 2.97
0.53 0.15 0.14 0.09 0.001 0.14 0.84
No Inputs 3.04 0.49 0.06 0.05 0.009 1.76 4.54
0.78 0.31 0.02 0.01 0.003 0.34 1.12
NoOa 5.72 0.90 0.06 0.32* 0.06* 0.87 4.55












Table 2.5 Results of hypothesized change in soil solution chemistry and actual change in soil solution chemistry with litter 
manipulation, + indicates increase, - indicates decrease and = indicates no significant difference from control. Bold symbols 
indicate where my hypothesis was accepted.
2X Litter Input 0 Litter Input 0 Root input No inputs Oa-less
Hypothesis Observed Hypothesis Observed Hypothesis Observed Hypothesis Observed Hypothesis Observed
DOC + + - = - = - - - -
DON + + - = - = - + -
NO3-N = = = = + + + = = +
NH4-N = + = + = + = + =
PO4-P + = - — = - = /- = =
SO4-S = = = + — = = = =
Ca2+ + + - = + + + /- + =
Mg2+ = + = = = = = — = +
Na+ s -- -- -- ss =:
K+ + = - - + = + /- - = =
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Figure 2.1 Relationship between ammonium concentration and bacterial biomass in litter manipulation and control plots. C = 
control, 2X = double annual leaf litter input, OX = zero annual leaf litter input, T = roots excluded, TOX — no root or leaf litter 
input and Oa = Oa horizon removed.
2.4.2 Sources o f DOC and DON
By deducting the mean growing season concentrations of treatment DOC from the 
control plots, I was able to estimate the importance o f various sources o f DOC in soil 
solution (Figure 2.2). Because the TOX treatment represents no input from root or leaf 
litter, I deduce that the Oa horizon in isolation contributes 74% to soil solution DOC.
The contribution o f leaf litter DOC to soil solution DOC concentration was quantified by 
deducting the soil solution DOC of the OX plots from the control plots. I calculate that 
leaf litter leaching and decomposition contribute 12% to bulk soil solution DOC. The 
contribution from roots was quantified by subtracting the no root input treatment soil 
solution DOC from the control. This calculation resulted in a root contribution of 13% to 
bulk soil solution DOC (Figure 2.2a). In contrast to DOC, concentrations o f DON were 
higher than the control for every treatment with litter exclusion. Using the same 
calculations as for DOC, excluding both leaf and root input resulted in an increase in 
DON concentration o f 9%. Excluding leaf litter alone resulted in a 12% increase in DON 
concentration, and excluding roots, DON concentration increased by 17% relative to the 
control (Figure 2.2c).
I also addressed the source of DOC in soil solution on a seasonal basis by 
deducting the mean seasonal DOC concentrations o f the control plots from each 
treatment. Seasons were determined as May -  August inclusive for summer, and 
September-November inclusive for autumn. I found that during the summer, DOC 
concentrations were slightly higher in treatments with litter exclusion than the control 
(Figure 2.2b). In the autumn, however, soil solution DOC appears to be linked to the 
removal o f its source (leaf litter, roots, organic matter). A similar seasonal exercise was
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completed for soil solution DON. DON concentrations were significantly higher at all 
litter exclusion treatments in the summer months (Figure 2.2d). In the autumn, soil 
solution DON concentrations were not significantly different from the control.
To investigate further the phenomenon o f  increased soil solution DON 
concentrations during the summer months in treatments with litter exclusion I plotted 
DON concentrations against total fungal biomass (Figure 2.3a). Mean summertime DON 
concentrations for the treatments were significantly related to total fungal biomass (R2 = 
0.99 p < 0.01). The DON concentration for the control was not included in regression 
analysis. I also plotted the annual DOC concentrations of each treatment and the control 
against fungal biomass (Figure 2.3b). Fungal biomass was able to explain 90% of the 
variance in soil solution DOC concentrations (p < 0.01).
I reasoned that soil solution DON may contain extracellular enzymes produced by 
fungi as a response to reduced carbon inputs, and further, that these exo-enzymes may be 
responsible for increasing DOC production during the summer months. To examine this 
hypothesis, I plotted soil solution DOC against DON concentrations. I used summertime 
values only and analyzed each treatment separately because of the significantly higher 
DON with litter exclusion (Figure 2.4). When roots are excluded, 75% o f the variance in 
DOC concentration is explained by DON (Figure 2.4a). When leaf litter is excluded, 
97% of the variance in DOC concentration is explained by DON (Figure 2.4b). With 
normal inputs (control), 64% of the variance in DOC is explained by DON (Figure 2.4c). 
In treatments with both root and litter exclusion there was no consistent relationship 
between DOC and DON concentration (Figure 2.4d).
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Figure 2.2 a) Magnitude of various DOC sources in forest floor soil solution, b) Differences in seasonal DOC concentrations for each treatment 
compared to the control plot (control plot set at zero), c) Percentage increase in DON concentrations with litter removal d) Differences in seasonal DON 
concentrations compared to the control plot (control set at zero). 2X -  Double leaf litter input, OX -  Zero leaf litter input, T = No root input, TOX -  No 
leaf litter + no root input, OA -  No Oa horizon. (* p < 0.05, ** p < 0.01 *** p < 0.001)
o
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y = -3E-08x2+ 0.0002X ♦ 0.3901 
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Figure 2.3. Relationship between forest floor soil solution chemistry and fungal 
biomass, a) DON concentrations in summer collections from treatments with carbon 
manipulations (control -  open box is not included in regression) and b) DOC 
concentrations (annual average) for all treatments and control.
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Figure 2.4. The relationship between DOC and DON with a) root exclusion, b) leaf litter exclusion, c) normal inputs and d) no root or leaf 
litter
When the Oa horizon is absent, a strong positive relationship occurred between DOC and 
DON (R2 = 0.83 p <  0.01).
2.5 Discussion
The litter manipulation used in this study is modified from a study on long term 
soil formation which commenced in 1956 at the University o f Wisconsin Aboretum under 
the direction o f F. D. Hole (Nielson, 1960; Nielsen and Hole, 1963; Van Rooyen, 1972). 
The DIRT project was established at Harvard Forest in 1990 as a long-term inter-site 
experiment. While similar manipulative experiments have been recently established in 
nutrient rich maple and temperate rain forests, this paper is the first to discuss the effect 
of long term litter manipulation on soil solution chemistry. Consequently, there is little 
analogous data with which to compare my results.
2.5.1 Treatment effects on soil solution chemistry
The main objective o f this study was to quantify the contribution of DOC and 
DON from above- and below-ground litter to bulk soil solution. Both DOC and DON are 
components of bulk soil solution dissolved organic matter (DOM). A secondary 
objective was to determine the relative importance o f  leaf litter, roots and the organic 
horizon in controlling the nutrient content of soil solution. I expected that by 
removing above- and below-ground litter I would find reduced concentrations o f DOC 
and DON, and that by adding additional litter, increased concentrations in soil solution 
would result. My original hypotheses were only partially supported by my experimental 
results (Table 2.5). As expected, I found significantly higher soil solution DOC in plots 
having double leaf litter input and significantly lower soil solution DOC in plots
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with zero inputs and the Oa horizon absent. Soil solution DOC concentrations in 
treatments with zero litter and zero root input, however, were not significantly different 
from the control over the growing season (p = 0.06 and 0.07 respectively). Contrary to 
my expectations, concentrations o f DON were significantly higher than the control plots 
in the summer months for all treatments in which leaf, root, and leaf + root litter inputs 
were removed. The effect o f the experimental litter manipulation on DON concentrations 
are puzzling, and suggest that at least during some times of the year production of DOC 
and DON are de-coupled.
The response of inorganic ions to the experimental manipulations were as 
expected, suggesting that root uptake drives Ca2+ and N O 3' availability in these soils, and 
litter decomposition drives the availability of potassium and phosphate. The link between 
Ca2+ and N O 3' may be due to passive Ca2+ uptake to balance the net charge o f root uptake 
of nitrate (Aber and Melillo 1991). I made no predictions about changes in ammonium 
concentration with litter manipulation, but observed significantly higher concentrations of 
ammonium in all the treatment plots relative to the control. The significant relationship 
between ammonium and bacterial biomass suggests that either bacteria alone, or the ratio 
o f fungi to bacteria may drive ammonium concentrations irrespective o f treatment. 
Microbial preference for ammonium over nitrate has been demonstrated in several studies 
using >SN tracers (Recous and Mary 1990; Recous et al. 1992; Puri and Ashman 1999). 
Puri and Ashman (1999) report a twofold preference for ammonium in woodland soil. 
Recous et al. (1992) found a large microbial preference for ammonium and even when 
small concentrations of ammonium were present, nitrate was not immobilized. 
Ammonium is a  more suitable substrate for microbial use because it does not require
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prior reduction to be incorporated into organic compounds. In all the treatments with 
litter exclusion, ammonium concentrations were typically higher and immobilization was 
possibly retarded due to low availability o f labile DOC. Support for this theory may lie 
in the increased nitrate concentration in all litter exclusion plots. In the double leaf litter 
input treatment, ammonium concentrations were also significantly higher yet nitrate 
concentrations were not significantly different from the control. This suggests that lack 
o f labile carbon was not retarding microbial uptake o f ammonium in the double litter 
plots, but that something else was initiating increased ammonium concentrations.
2.5.2 Source o f DOC and DON
Previous work, for example, chemical fractionation, suggests that much of DOC 
in soil solution is derived from decomposition and/or leaching o f soil organic matter (e.g. 
McDowell and Likens 1988; Qualls et al. 1991; Guggenberger et al. 1994). My data also 
suggest that over the growing season, 74% of the DOC in bulk soil solution is derived 
from the organic horizon, and o f this, I estimate that 90% may be the result o f fungal- 
induced decomposition. Because DOC was strongly and significantly correlated with 
fungal biomass, it is plausible that the fungal biomass may be responsible for DOC 
production. An additional 12% of soil solution DOC is supplied by leaf litter and 13% by 
root exudate and sloughing over the growing season. The potential importance of fungal- 
mediated DOC production derived from extra-cellular enzyme activity was demonstrated 
in a recent study by Moller et al. (1999). They report that DOC production, (3-N- 
acetylglucosaminidase and cellulase activities were all significantly greater with 
Humicola sp. fungi than with either bacteria alone or a combination of fungi and bacteria.
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Several lines o f evidence lead us to the conclusion that production of extra* 
cellular enzymes by fungi may be a major source o f DON in soil solution. DON 
production in the summer months is highly correlated with fungal biomass when a labile 
carbon source such as leaf litter, or root exudate is absent (Figure 2.3a). Extra-cellular 
enzyme production is known to be substrate-induced (Griffin, 1972; Deacon, 1984). 
When the ratio of cellulose: glucose is high, celiulase is released. As cellulose is cleaved 
into smaller sugar units and the cellulose:glucose ratio narrows, the release of celiulase is 
repressed (Deacon, 1984). Typically, 15N tracers utilized to track nitrogen 
mineralization in soil report microbial immobilization o f added ISN0 3  or lsNH4 based on 
their disappearance from solution (e.g. Hadas et al. 1992; Puri and Ashman, 1999), and 
very few measure the production o f D 0 15N. Seely and Lajtha (1997) introduced l5N 
KNO3 to the forest floor o f a mixed northern forest to trace nitrogen movement in soils. 
The majority of applied 1SN was recovered in soil solution collected by lysimeters within 
seven days o f application. Soil solution was analyzed for ammonium, nitrate and DON. 
Between 34-68% of the labeled nitrogen was in the DON fraction. These results suggest 
that 15N 0 3 was assimilated by the microbial community, released as extracellular 
enzymes and measured as DOiSN.
2.5.3 Soil solution dynamics
Limitation o f microbially available nitrogen and carbon may induce DON 
production. When I used summer time DON concentrations to describe variance in 
summer concentrations of DOC I found a negative relationship between the two variables
|
with root exclusion and a positive relationship with leaf litter exclusion. My data suggest 
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concomitant increase in DOC concentration (Figure 2.4b). In the absence o f roots 
however, when DON concentrations increased, DOC concentrations declined. With 
neither litter nor root input there was no relationship between DOC and DON (Fig 2.4d). 
What was most intriguing in Figure 2.4d was the apparent combination o f positive and 
negative relationships between the two variables indicative of a possible positive 
feedback situation.
DOC:DON ratios in both soil solution and surface waters have a large range yet 
DON is typically described as a subset o f DOC, implying a consistent portion of DOC is 
N-enriched. This consensus results from the traditional model o f simple, non-selective 
decomposition and leaching o f organic matter, and suggests that DOC and DON will be 
produced in relatively fixed ratios. DOC:DON ratios however range from 44 -  77 in the 
forest floor o f coniferous forests (Currie et al. 1996; Arthur and Fahey, 1993) and from 
34 -  42 in hardwood forests (Currie et al. 1996; this study). In surface waters the range 
in DOC:DON ratios is larger, from 18 in the wet tropical forests of Puerto Rico to 89 in 
Canadian northern mixed forests (McDowell and Asbury, 1994; Clair et al. 1994). The 
large range in reported DOC:DON ratios, coupled with my findings o f increased DON 
concentration with litter exclusion prompted us to derive a conceptional model of enzyme 
driven DOC and DON production (Figure 2.S). In my enzyme driven decomposition 
model, DON production is driven by limitations in microbial nutrient requirements. High 
DOC and DON production occur when labile carbon is limited but high concentrations of 
ammonium are available (narrow DOC:DON ratios). In a situation o f microbial N 
limitation, DON production increases but DOC concentrations remain low and 
ammonium concentrations increase (wide DOC:DON ratios).
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Several studies have used soil solution or streamwater DOC:DON ratio as 
indicators o f N- saturation (e.g. Qualls et al. 1991; Harriman et al. 1998; Campbell et al.
2000). The DOC:DON ratio of the control plot (42) was higher than the hardwood 
control plot (34) o f  the chronic-N study at Harvard Forest (McDowell et al. 1998) but 
very similar to the DOC:DON ratio o f 40 for a mixed oak forest at Coweeta (Qualls et al. 
1991). The DOCrDON ratios with either leaf litter, roots or both removed were much 
reduced at 29, 31 and 18, respectively. High nitrogen input also causes a reduction in soil 
solution DOC:DON ratio. The 1996 DOC:DON ratio was 12 for the high-N treatment 
and 19 for the low N-input plot at the Harvard forest hardwood stand (McDowell et al. 
1998). Harriman et al. (1998) also report lower DOC:DON ratios in streamwater 
draining watersheds with high N deposition. Similar reductions in the DOC:DON ratio 
with both carbon and nitrogen manipulation suggest that when a microbial carbon 
limitation occurs, and inorganic nitrogen available, microbial DON production is high in 
an effort to increase the availability of labile carbon. By combining my results with 
those o f the hardwood stand of the Harvard Forest chronic-N plots I was able to model 
nitrification using the DOC:DON ratio. 1 found that 80% of the variance in soil solution 
nitrate is explained by DOC:DON ratio (p < 0.01) (Figure 2 .6 ). I also found that 
nitrification is apparent at a threshold DOCrDON ratio of 25 supporting the findings of 
Harriman et al. (1998) and Dise and White, (1995).
My data suggest that narrow DOCrDON ratios may be concomitant with lower 
availability o f labile carbon for microbial uptake supporting the consensus that 
nitrification occurs when competition between nitrifying microbes and heterotrophic 
microbes is removed by low labile carbon availability (Paul and Clarke 1989; Aber and
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Melillo 1991) In contrast, Yano et al. (in press) report that less than 10% o f the variance 
in labile carbon is explained by the DOCrDON ratio.
2.S.4 Limitations and implications
I assume that the effects o f treatments are additive and that there are no 
interactions between multiple treatments when I assign sources o f DOC (Figure 2.21). A 
limitation to this study is the lack of baseline data on soil solution chemistry prior to the 
start o f manipulations. Consequently, I have used the less powerful approach of 
comparing treatment plots to the control plots without knowing inherent variability 
among the plots. My data suggest that DON production is important in controlling DOC 
production in the temperate forest floor. More work on DON fractionation, enzyme 
activity and 15 N tracers is needed to verify this conclusion.
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Figure 2.5 Conceptional models describing mechanisms controlling DOC and DON 
production
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y = 140795X-36543 
R 2 = 0.80 p  < 0.01
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Figure 2.6 Relationship between soil solution nitrate and DOC:DON ratio. Data is combined with that of the hardwood stand at the Chronic-N plots (McDowell 
et al. 1998). Squares = Chronic-N data and diamonds = this study
CHAPTER 3
TEMPERATURE EFFECTS ON DECOMPOSITION DYNAMICS IN 
TEMPERATE AND TROPICAL FORESTS
3.1 Introduction
Potential shifts in temperature and precipitation distribution associated with 
global climate change have heightened the necessity to understand how temperature and 
precipitation impact carbon and nitrogen dynamics in forest soils, yet ecosystem models 
predict contrasting impacts. Houghton et al. (1998) predict a modest narrowing o f soil 
C:N with a warming climate, due to mineralized N remaining in the soil after C is 
mineralized. Other ecosystem models predict an increase in soil C:N based upon 
increased carbon fertilization by CO2  resulting in inputs with wider C:N ratios which 
thereby retard decomposition processes (Schimel et al. 1994; Melillo et al. 1993). At a 
smaller scale, Simmons et al. (1996) quantified forest floor carbon pools and fluxes along 
a regional climate gradient. Although each site had similar vegetation and litter inputs, 
the cooler end-member had a thicker forest floor, lower soil C:N ratio and slower C and 
N turnover than the warmer end-member. They also report an exponential increase in 
soil respiration with temperature increase. Typically, both DOC production and soil 
respiration increase with soil warming in temperate forests (Christ and David, 1996b).
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Yet this effect may be indirect since both DOC and soil respiration are positively 
correlated with soil C:N (Gddde et al. 1996; Ross et al. 1999). Organic soil C:N explains 
73% of the variance in soil solution DOC in red spruce (Gddde et al. 1996) and between 
87 and 90% of the variance in soil respiration (Gddde et al. 1996; Ross et al. 1999).
Thus, if temperature increases, concomitant increases in soil solution DOC production, 
soil respiration and soil C:N ratio should be expected. This will in effect render northern 
latitude biomes carbon sources rather than sinks. Higher soil respiration and DOC 
concentration in forests soils with wider soil C:N is incompatible with the common view 
that a narrow soil C:N ratio is indicative of high microbial activity. Killham (1994) 
suggests that bacterial and fungal processing of organic matter is likely to be much higher 
in soils with wider C:N ratios because of the N requirement o f micro-organisms.
There are conflicting assertions in the published literature as to whether soil C:N 
will increase or decrease with global warming. It is widely accepted that soil respiration 
will increase with warming. But, will losses o f DOC and DON increase also? Do similar 
mechanisms control CO2 , DOC and DON fluxes and soil C:N in temperate and tropical 
forests? Relationships between DOC and DON, and between DOC and CO2 have been 
reported within and among ecosystems (Gddde et al. 1996; Brooks et al. 1999) and 
between DOC and soil C:N across biomes (Aitkenhead and McDowell 2000). If similar 
mechanisms operate, then what will be the effect o f warming and cooling on these 
mechanisms? If DOC flux increases with warming, will the mineral soil’s capacity to 
adsorb carbon be able to cope? Furthermore, what is the prevailing adsorption capacity 
for DOC in the mineral horizons of tropical and temperate forest soils, and does DOC 
adsorption measured using a column study reflect the mineral soil adsorption capacity at
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the plot scale? Most controlled laboratory adsorption studies use the Langmuir isotherm 
method and few relate their results to those measured in the field (McDowell and Likens 
1988; McDowell 1998).
The objectives o f this study were threefold, a) to determine whether the 
relationships observed between soil C:N, DOC and DON production, and soil respiration 
in previous studies held in both tropical and temperate soils incubated at cold and warm 
temperatures; b) to examine the adsorption capacities o f tropical and temperate forest 
soils under two temperature regimes and c) to investigate change in soil carbon and 
nitrogen pools under cold and warm temperatures.
3.2 Materials and Methods
3.2.1 Experimental Design
Replicate soil columns and individual soil horizons (n=3) were incubated at two 
temperatures and leached twice weekly for a period of five weeks with carbon-free water. 
Two incubation temperatures were selected; 1°C and room temperature (24 -  28° C, 
referred to as 25° C). Soils from tropical and temperate forests were used in this 
experiment. Organic and mineral soils from five forest types (Table 3.1) were collected, 
air dried and sieved to 2mm. Soils were collected from three locations in the temperate 
coniferous forest: a sphagnum bog soil located in an upper valley, a mid slope soil and a 
riparian soil.
3.2.2. Soil columns and Soil Horizons
For each soil type, a  soil column (organic plus mineral soil) and individual soil 
horizons (organic and mineral) were studied. Soil columns consisted o f  Falcon filter
SO












Table 3.1 Site characteristics of the tropical and temperate forests from which soils were collected
Soil






1 aTropical Dry Guanica State Forest, Puerto Rico Mollisol 25.1 860
2. 'Tropical Wet Luquillo Experimental Forest, Puerto Rico Ultisol 19.1 2500-5000
3. Tropical Mangrove El Faro Nat. Reserve, Puerto Rico Histosol 25.1 860
4. Temp. Deciduous Harvard Forest, Massachusetts Inceptisol 6.0 1100
5. dTemp. Coniferous 
(Sphagnum Bog)
Hubbard Brook (W9), New Hampshire Humic Gley 5.0 1250
6. Tem p. Coniferous 
(Slope)
Hubbard Brook (W9), New Hampshire Inceptisol 5.0 1250
7. Tem p. Coniferous 
(Riparian zone)
Hubbard Brook (W9), New Hampshire
. .....  . . .  . ..  ( n  ... II
Spodosol 5.0 1250
„nno\' tn _ . iFurther descriptions of these sites in a Lugo and Murphy (1986);b McDowell and Asbury (1994), McDowell (1998); cBowden et al. 
(1993), Boone et al. (1998), Nadelhoffer et al. (in preparation);d Campbell et al. (2000); Likens and Bormann (197S)
flasks packed with organic and mineral soil in similar proportions to those found in the 
field.
Soil columns had an average weight o f 45 ± 0.5 g with the exception of the 
tropical mangrove soil columns which weighed 20 g each. Three replicates of each soil 
type were incubated at 1° C and three at 25° C. The individual soil horizons were also 
placed in Falcon filter flasks and incubated at 1° C and 25° C. Samples were kept inside 
their respective Ziploc® heavy-duty freezer bags throughout the term o f the experiment. 
The exception was for short periods of approximately 5 hours during leaching and 
measurement o f CO2 flux. This ensured a humid atmosphere, which kept the soil moist 
between leaching. The incubator, set at 1.5 0  C, was monitored daily for temperature.
The average temperature on the days when leaching took place was 2.8 ± 0.3 0 C due to 
opening and closing the incubator door. On days when leaching did not occur, the 
average temperature was 1.4 ± 0.1° C. I was aware that freeze-thaw reactions would 
compromise the experiment and made every effort to ensure that freezing did not occur.
3.2.3 Soil Solution Chemistry
Both soil columns and individual soil horizons were leached twice weekly with 50 
mis carbon-free water for a period of five weeks. The resultant leachate was analyzed for 
DOC only for the individual soil horizons, and DOC, NH4 , N 0 3 and DON for the soil 
columns. A Shimadzu TOC-5000 total organic carbon analyzer with acidification and 
sparging was used to measure non-purgeable organic carbon (DOC). Total dissolved 
nitrogen (TDN) was measured using high temperature Pt-catalyzed oxidation (Shimadzu 
TOC 5000 furnace) with a chemiluminescent nitrogen detector (Merriam et al. 1996). 
Flow injection analysis colorimetry (Lachat) was used for N H / (phenol hypochlorite
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method with sodium nitroprusside enhancement) and NO3* (ascorbic acid method with 
ammonium molybdate and antimony potassium tartrate). Dissolved organic nitrogen, 
(DON) was calculated as [TDN] - ([NO3] + [NH 4]. EPA-certified reference standards 
were analyzed during each run to ensure accuracy o f the working stock solutions. 
Replicates of standards, samples and EPA standards were analyzed every 10th sample. 
Coefficient of Variation (CV) was calculated for each replicate. If the CV was >5% for 
any sample it was re-analyzed in duplicate. Typically less than 1% o f samples exceeded 
a CV of 5% and these tended to be samples with extremely low concentrations. As a 
final part of the experiment I leached the individual organic horizons, measured the pH, 
and then adjusted the pH o f  the water used to leach the mineral horizons to that o f its 
corresponding organic horizon. pH adjustment was made by adding dilute NaOH or HC1. 
This step was carried out on the 25° C incubations only. A comparison was made o f the 
final horizon leaching and the acidified horizon leaching.
3.2.4. Soil Respiration
Soil respiration was measured by placing a vial containing 20 ml IN NaOH 
inside the Ziploc® bag with each soil sample after it had been leached. Soils were left to 
incubate for either three or four days between teachings. 10 mis o f the NaOH trap was 
pipetted into an Ehrlmeyer flask and 2mls 3N BaCU, and three drops o f phenophthalein 
indicator added. This was titrated with 0.5N HC1. Three blanks each for Ziploc® bags 
and three blanks for mason jars were prepared for both temperature incubations. CO2-C 
flux was calculated using equation 4.1 (Zibilske 1994). Measurements commenced after 
the second leaching, to avoid inclusion of the initial flush of CO2  and DOC after sieving.
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Soil respiration measurements were performed on the soil columns only (not individual 
horizons), at both incubation temperatures.
(Eq. 4.1) COz -  C = (B-V) •  (NE)
Where:
B = volume (ml) of HC1 needed to titrate the trap solution from the blanks to endpoint. 
V = volume (ml) of HC1 to titrate the trap solution from the samples to endpoint.
N = normality o f the HC1, in milliequivalents mL‘l.
E = 6  (the equivalent weight o f C in CO2 -  C (mg CO2 -C)).
3.2.5 Soil C:N Ratio
Sub-samples of the individual horizons o f the seven soils were dried at 60°C until 
constant weight, ground and analyzed for C:N ratio using a Carlo Erba CHN analyzer. 
The initial soil C:N ratio for each soil column was calculated using the weighted mean 
C:N of each horizon. At the termination o f the leaching experiment, the composite soil 
columns from each Falcon filter were dried at 60° C until constant weight and ground. 
Sub-samples were taken for soil C:N analysis as above.
3.2.6 Use o f Zioloc® freezer bags as incubation vessels
To determine whether Ziploc® freezer bags were suitable as incubation vessels for 
measuring CO2 flux compared to Mason jars (typically used for these incubations), two 
25 ml vials containing NaOH and carbon-free water were placed in Ziploc® bags (n = 3) 
and mason jars (n = 3). The C-free water was used to maintain humidity. After 72 hours, 
10 mis o f NaOH was transferred to an Erhlenmeyer flask, and 2 mis 3N BaCl2  and
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3 drops phenophthalain indicator were added. This was titrated with 0.5N HCl to 
endpoint. Student two-tail t-tests were applied to the data to determine if there was a 
significant difference between the mason jars and Ziploc® bags. This procedure was 
performed after every leaching as a check and the results were used for the blank volume. 
The Ziploc® bags appeared to be losing efficiency slightly after the fourth leaching and 
were replaced with new bags.
3.2.7 Statistical Analysis
To standardize the data, all results are expressed as pg per g soil. The data were 
tested for normal distribution and log transformed prior to statistical analysis. Analysis 
o f variance was used to determine temperature and biome effects on soil solution 
chemistry. One tailed t-tests were used to test the hypothesis that DOC concentration and 
CO2  flux would be greater at higher temperatures. Two tailed t-tests with pooled 
variance were used to test the null hypothesis that DON, NO3-N and NH4-N did not 
significantly differ with temperature. Regression analysis was used to determine the 
relationship between CO2 , DOC, DON and soil C:N on un-transformed data. Statistical 
analysis excluded the first two teachings o f column and horizon samples to avoid the 
potential disturbance effect o f  sieving on CO2 flux and soil solution chemistry.
3.3 Results
There was no significant difference in the volume of CO2 trapped in the NaOH 
traps between the Mason jars and the Ziploc® freezer bags (p = O.SS to 0.8S). Analysis 
of variance indicated temperature and biome effects on DON, NO3-N, NH4-N, C 0 2 and 
the DOC:DON ratio and a biome but no temperature effect on soil solution DOC.
55
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3.3.1 Loss o f carbon as DOC and CO?-C from soil columns
Tropical mangrove forest soils had the highest mean DOC production and mean 
CO2  flux at both incubation temperatures. The lowest mean DOC concentration and CO2 
flux were in the wet tropical forest soils (Tables 3.2 and 3.3). Mean CO2 flux was 
significantly higher for soil columns incubated at 25° C over the whole dataset ip = 
0.001) and for the individual soils ip < 0.01-0.0001). Over the whole dataset, mean DOC 
concentrations were not significantly different between the two incubation temperatures. 
In the tropical dry and mangrove forests there was no significant difference in DOC 
concentration between the two incubation temperatures. The tropical wet forest and 
sphagnum bog soils had significantly higher DOC concentrations at 1° C than at 25° C (p 
< 0.01). The temperate coniferous forest slope and riparian soils and the temperate 
deciduous forest had significantly higher DOC concentration at 25° C (p < 0.05 -  0.01).
3.3.2. Loss o f Nitrogen as DON. NOi and NFL
The highest losses o f nitrogen were in the form o f DON at 1° C (Table 3.5) and were 
distributed relatively evenly between DON, ammonium and nitrate at 25° C (Table 3.4). 
Losses o f DON were significantly higher in the tropical dry forest and coniferous forest 
slope soil at the colder temperature, and significantly higher at the warmer temperature 
from the coniferous forest riparian soil. Highest DON losses were from the tropical 
mangrove forest at both incubation temperatures. Lowest DON losses were from the 
riparian soil at 1° C and the sphagnum bog soil at 25° C (Tables 3.2 and 3.3). Nitrate 
losses were significantly higher at 25° C for all soils (p < 0.001) with the exception o f the 
sphagnum bog soil.












Table 3.2 Mean losses of CO j, nutrients (fig g dry soil*1) and soil C:N ratios from temperate and tropical soils incubated at 
2S°C. Italicized numbers are Standard Error of the Mean.
Soil C O rC DOC DON
(Mg /g)








Tropical Dry **327.4 89.0 •3.6 **11.2 *4.2 23.4 27.4 25.4 39.7
26.6 5.7 0.4 1.2 0.1 0 1.0 0.5
Tropical Wet **113.4 •*3.7 1.7 *•9.9 **3.1 18.8 20.6 19,7 7.4
27.6 0.4 0.8 1.2 0.3 0 1.4 0.7
Tropical Mangrove ••399.7 215.3 15.9 *•7.7 •*16.8 36.3 30.4 33.4 ••22.7
66.9 18.9 3.8 1.7 4.7 0 0.9 0.4
Temperate Deciduous •*132.2 *49.5 2.0 **0.3 **4.69 23.0 23.8 23.4 •34.3
13.7 4.9 0.4 0 0.4 0 1.1 0.6
Temperate Coniferous
Sphagnum Bog *•198.6 ••30.3 *•1.5 3.0 **3.14 25.8 24.7 25.3 54.15
22.3 6.2 0.6 06 0.66 0 0.3 0.2
Slope ••269.2 ••136.5 3.5 **1.9 **9.77 21.8 21.7 21.7 *♦57.4
15.0 7.37 0.5 02 0.6 0 0.4 0.2
Riparian Zone •*151.9 *•81.9 *1.6 **0.3 **2.36 27.9 28.2 28.1 ♦58.9
8.8 5.1 0.2 0 0.1 0 1.1 0.6












Tabic 3 3  Mean losses of COi, nutrients (pg g dry soil'1) and soil C:N ratios from temperate and tropical soils incubated at 
1°C. Italicized numbers are Standard Error of the Mean.








Tropical Dry 77.4 97.4 5.0 5.1 0.1 23.4 27.0 25.2 20.5
17.0 6.7 0.5 0.8 0 0 1.2 0.6
Tropical Wet 44.3 8.4 1.3 4.9 0.2 18.8 23.1 20.9 12.1
12.6 1.0 0.2 0.9 0 0 4.5 2.2
Tropical Mangrove 120.1 175.8 16.9 1.9 0.7 36.3 30.8 33.6 12.4
25.6 12.5 2.6 0.8 0.1 0 0.9 0.4
Temperate Deciduous 44.6 32.1 1.7 0.1 0.3 23.0 23.3 23.1 21.7
9.6 2.3 0.2 0 0 0 1.6 0.8
Temperate Coniferous
Sphagnum Bog 54.4 58.4 2.2 1.9 0.4 25.8 25.3 25.6 30.9
13.9 10.6 0.3 0.3 0.1 0 0.1 0
Slope 79.4 63.9 3.5 0.7 0.6 21.8 21.5 21.7 20.2
14.7 4.3 0.3 0.1 0 0 0.3 0.1
Riparian Zone 48.1 42.9 1.1 0.1 0.2 27.9 28.8 28.4 44.9












Table 3.4 Losses of carbon and nitrogen from the initial stores, change in soil C:N ratio and solute losses after leaching for five 
weeks and incubated at 25° C. TDR = tropical dry soil, TWT = tropical wet soil, TMG -  tropical mangrove soil, DEC -  
temperate deciduous soil, SPG = sphagnum bog soil, CONS = slope soil in coniferous forest and CONR = riparian soil in 
coniferous forest. Superscript * indicate significant change at p < 0.05.
Forest Soil TDR TWT TMG DEC
(mg)
SPG CONS CONR
Initial Carbon storage 930 1 1 2 0 1134 1061 1131 1050 1424
Initial Nitrogen storage 40 60 31 46 44 48 51
Final Carbon storage 767 185 749 793 1072 998 1226
Final nitrogen storage 28 9 25 34 43 46 44
% Carbon Loss from storage 18 83 34 25 5 5 14
% Nitrogen Loss from storage 29 85 2 1 27 1 4 14
Greater loss of: N N C N C C N
Initial C:N 23.4 18.8 36.3 23 25.8 2 1 . 8 27.9
Final soil C:N 27.4 2 0 . 6 30.4 23.8 24.7 21.7 28.2
A O N *4.0 1 . 8 *-5.9 0 . 8 *-1 .1 -0 . 1 0.3
Solute Nitrogen Losses
% Loss as Nitrate 59 67 19 4 39 13 7
% Loss as Ammonium 2 2 2 1 42 67 41 64 55
% Loss as DON 19 1 2 39 29 2 0 23 38
Carbon Losses
% Loss as CO2-C 79 97 65 73 87 6 6 65













Table 3.5 Losses of carbon and nitrogen from the initial stores, change in soil C:N ratio and solute losses after leaching for five 
weeks and incubated at l a C. TDR = tropical dry soil, TWT = tropical wet soil, TMG = tropical mangrove soil, DEC -  
temperate deciduous soil, SPG = sphagnum bog soil, CONS = slope soil in coniferous forest and CONR -  riparian soil in 
coniferous forest. Superscript * indicate significant change at p < 0.05.
Forest Soil TDR TWT TMG DEC SPG
(mg)
CONS CONR
Initial Carbon storage 931 1 1 2 1 1134 1061 1119 1054 1421
Initial Nitrogen storage 40 60 31 46 43 48 51
Final Carbon storage 814 206 699 741 1082 1033 1254
Final nitrogen storage 30 1 0 23 32 43 48 44
% Carbon Loss from storage 13 82 38 30 3 2 1 2
% Nitrogen Loss from storage 24 84 27 31 1 1 14
Greater loss of: N N C N C C N
Initial soil C:N 23.4 18.8 36.3 23 25.8 2 1 . 8 27.9
Final soil C:N 27 23.1 30.8 23.3 25.3 21.5 28.8
AC:N *3.6 4.3 *-5.5 0.3 -0.5 -0.3 0.9
Solute Nitrogen Losses
% Loss as Nitrate 50 77 9 5 42 15 7
% Loss as Ammonium 1 3 4 14 9 1 2 14
% Loss as DON 49 2 0 87 81 49 73 79
Carbon Losses
% Loss as CO2-C 44 84 41 58 48 55 53
% Loss as DOC 56 16 59 42 52 45 47
Highest nitrate losses were from the tropical dry forest at 2S°C, and lowest from the 
temperate deciduous and the riparian soil o f the temperate coniferous forest (Tables 3.2 
and 3.3). The highest mean ammonium loss was from the tropical mangrove forest, the 
lowest, from the tropical dry forest. Overall, the losses o f ammonium were significantly 
higher at 25° C ( p <  0.01).
3.3.3. Change in Soil C:N Ratio
There was no significant difference in the final soil C:N ratios between the two 
incubation temperatures over the whole dataset (p = 0.41) or for individual columns (p = 
0.11-0.40). However, for both the 25° C and the 1° C incubations there were some 
significant changes between the initial soil C:N and the final soil C:N. At both 
incubation temperatures, the tropical dry forest had significantly higher soil C:N by the 
end of the leaching period (p < 0.05) and the tropical mangrove had significantly lower 
soil C:N (p < 0.05). At the 25° C incubation, the soil C:N o f the sphagnum bog soil was 
significantly reduced. (Table 3.4). Soil C:N was not quantified for the individual 
horizons at the end o f the experiment. There was no significant difference in loss of 
carbon or nitrogen from their respective pools between the two incubation temperatures 
(Tables 3.4 and 3.5).
3.3.4. Losses o f DOC from the organic and mineral horizons
Cumulative loss (mg/g dry soil) of DOC from soil columns was significantly lower than 
the cumulative loss o f DOC from the individual horizons at both incubation temperatures 
(p < 0.05 1°C, p < 0.01 25° C) (Figures 3.1 and 3.2). Incubation temperature had a 
significant effect on DOC concentration for both organic and mineral horizons in most 
cases. The organic horizons o f all the temperate forest soils had significantly greater
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DOC concentration at 25° C (p < 0.01). There was no significant difference between 
DOC concentration at 10 C and 25° C for the organic horizons o f the dry and wet tropical 
forests. DOC concentration was also significantly higher in the mineral soils of the 
temperate forests at 25° C (p < 0.0S) but significantly lower in the dry and wet tropical 
forests at the same incubation temperature (p < 0.01). I found a large difference in DOC 
losses when comparing the soil columns and the sum of organic plus mineral horizons for 
all the soils. In some cases, the mineral horizons leached more DOC than the columns; 
this was particularly apparent in the three coniferous forest soils at an incubation 
temperature of 25° C. I also noted similar DOC losses from the column and mineral 
horizon in the deciduous forest soil. DOC concentration in the mineral horizon o f the 
slope and sphagnum bog soils o f the temperate conifer forest was significantly higher 
than DOC concentration o f the whole column (p < 0.001) at 25° C (Figure 3.1). As a 
final part o f the experiment I leached the organic horizons, measured the pH, and then 
adjusted the pH of the water used to leach the mineral horizons to that of its 
corresponding organic horizon. pH adjustment was made by adding dilute NaOH or HC1. 
This step was carried out on the 25° C incubations only. Adjusting the pH of input 
solution to the mineral soil to that o f the output pH o f its associated organic horizon 
resulted in a reduction in DOC loss from the mineral horizons o f the temperate deciduous 
and coniferous forest slope and sphagnum bog soils. The DOC loss increased in the 
tropical dry forest and the coniferous forest riparian soil (Figure 3.2).
By examining DOC release in columns and the separate horizons, I was able to 
quantify potential adsorption capacity o f the soils. Where possible, I compared the 
percentage adsorption capacity o f soils in this study to those found in plot scale studies
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(quantified as the difference between soil solution collected in the organic horizon and 
the mineral horizon by lysimeter) (Table 3.6). I found that the adsorption capacity for the 
temperate deciduous forest soil was within 3% of that at a plot scale study at Harvard 
Forest (Chapter 2). The adsorption capacities of the sphagnum bog and slope soils o f the 
coniferous forest were within the range reported in the literature (Table 3.6).
Temperature did not have a significant effect on the adsorption capacities o f the 
soils (p = 0.39). Over the whole dataset, soils incubated at 25° C adsorbed 3% more 
DOC than did soils incubated at 1° C.
3.3.5 Relationships between DOC. DON CO? and soil C:N
The relationships between DOC, DON and CO2 were all strong and statistically 
significant at both incubation temperatures (Figures 3.3 -  3.5). Soil respiration, DOC and 
DON were also positively related to soil C:N ratio when I used the mean of the 
coniferous forest soils and plotted them as one point (Figures 3.6 -3.8). Soil respiration 
was inversely related to soil C:N ratio for the individual coniferous forest soils (Figure 
3.9). Both DOC and DON concentration displayed inverse relationships with soil C:N 
ratio in these coniferous forest soils (DOC: 25° C R2 = 0.40; DOC 1° C: R2 = 0.92, and 
DON: 25° C: R2  = 0.75; DON 1° C R2 = 1 p =0.016), but only DON vs Soil C:N was 
significant. Mean DOC:DON ratios ranged from 7 for the wet tropical soil to 59 for the 
riparian soil at 25° C and from 12 for the wet tropical soil to 44 for the riparian soil at 1° 
C. Overall the ratios were higher at the 25° C incubation but this was not significant (p 
=0.23)














Figure 3.1. Cumulative DOC concentration (mg/g) from soil columns, organic 
horizons and mineral horizons at a) 25°C and b) 1°C. 1 = tropical dry forest, 2 = 
tropical wet forest, 4 = temperate deciduous forest, S = sphagnum bog, 6 = slope s< 
of temperate coniferous forest, 7 = riparian soil of temperate coniferous forest.
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Tabic 3.6. DOC loss in the horizon and the column soils and estimated DOC reduction in the mineral soil horizon.
Forest Soil Cumulative DOC loss Cumulative DOC loss Reduction in Plot Scale Reduction
(Columns) (Horizons) Mineral Soil %
(Hg g dry soil1)_______________ (ng g dry so il1) %
1°C
Tropical Dry Forest 779 5377 8 6
Tropical Wet Forest 67 848 92
Temperate Deciduous Forest 257 1329 81
Sphagnum Bog -  Coniferous 467 3568 87
Slope -  Coniferous 511 2851 78
Riparian -  Coniferous 344 629 45
25° C
Tropical Dry Forest 712 4015 82
Tropical Wet Forest 29 846 97
Temperate Deciduous Forest 396 2513 84 87*
Sphagnum Bog -  Coniferous 242 7262 97
Slope -  Coniferous 1092 4721 77 58b-97c
Riparian -  Coniferous 655 1259 48
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Figure 3.4 Relationship between DON and soil CO* Squares = 25° C and circles = 1°C. White = tropical forest soils and black 
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Figure 3.5 Relationship between DON and DOC at the two incubation temperatures. Circles = 1° C and squares = 25°C. Black 
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Figure 3.6. Relationship between mean DOC and final soil C:N. The data points cover both temperature incubations. The 
mean DOC and soil C:N for the coniferous forest were plotted instead of individual points. Squares = 2S°C and circles = 1°C, 
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Figure 3.7. Relationship between DON and final soil C:N. Data points are for both incubation temperatures. Mean soil C:N 
and DON for the coniferous forest were plotted instead of the individual points. Squares = 2SC and circles -  1C, white -  
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Figure 3.8. Relationship between CO2-C flux and soil C:N. The two incubations are plotted separately due to their significant 
differences in CO2 flux. The three coniferous forest soils are plotted as one data point at both incubations. White = tropical 
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3.4 Discussion
3.4.1 Temperature effects on decomposition dynamics
The fundamental mechanisms linking production of DOC, DON, nitrate and CO2 
do not appear to be strongly affected by extreme temperatures. Mean DOC and DON for 
the five forest types were strongly related to the final soil C:N regardless of temperature. 
Although soil respiration was significantly lower at 1° C for all soils it remained 
significantly related to soil C:N. The three individual soils of the temperate coniferous 
forest exhibited an inverse relationship between soil respiration, DOC and DON losses 
and soil C:N ratio that was unaffected by temperature. Why the inverse relationships 
occurred between the four variables in the coniferous forest is unclear but they may be 
indicative that different processes occur at the watershed scale than among biomes.
I had originally hypothesized that increased temperature would increase soil 
respiration because I expected that a warmer temperature would promote microbial 
activity. My results supported this hypothesis. Because of increased microbial activity, I 
also expected to observe significant increases in DOC and DON flux from all the soil 
columns. Some o f the forest soils had increased DOC production with increased 
temperature such as the temperate deciduous and the temperate coniferous slope and 
riparian soils. The wet tropical forest and sphagnum bog soils, however, had increased 
DOC production at 1° C suggesting a greater microbial sink than microbial source in 
these soils. Also expected were increased DON fluxes with increased temperature, again 
due to warmth promoting microbial activity. Only the coniferous forest riparian soil had 
a significant increase in DON loss at the warmer temperature while cooler temperatures 
initiated greater DON loss in the tropical dry forest and sphagnum bog soils. Although
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soil respiration was significantly reduced at 1°C it nevertheless maintained its 
relationship with DOC and DON production and soil C:N. The fundamental processes 
driving relationships between DOC, DON, CO2 and soil C:N occurred across five 
biomes. This suggests that similar decomposition processes occur in both tropical and 
temperate forests, and that these processes are unaffected by temperature. Most notable, 
however was the significantly higher losses o f nitrate and ammonium from the soils at 
warmer temperatures. I assume that this was a result of a lack of readily available carbon 
causing nitrogen mineralization and resultant nitrification.
I was unsure whether soil C:N ratios would be affected by either cold or warm 
temperatures. There was no significant effect o f temperature on the final soil C:N ratios 
nor on carbon and nitrogen loss from their relative pools. This does suggest that global 
warming will not impact soil C:N ratios. If it does in the longer term, I would, based on 
my results, expect them to show increases in tropical wet and dry forest soils and 
decreases in sphagnum bog soils. O f most interest was the large and significant increase 
in soil C:N ratios for the tropical dry forest for both incubation temperatures. This was 
probably due to the increased percentage of nitrogen loss from the nitrogen pool 
compared to the percentage carbon loss from the soil carbon pool (Tables 3.4 and 3.5). 1 
assume, that under a regular leaching regime the carbon and nitrogen pools o f the dry 
forest soil were impacted by high losses of nutrients in solution. Soil carbon and nitrogen 
pool losses were not significantly affected by temperature, but overall, the tropical forest 
soils suffered greater losses from their carbon and nitrogen pools at both temperatures 
than the temperate forest soils. Soil C:N ratios o f the temperate forest soils appear
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unaffected by either cooling or warming. This suggests that temperate forest soils cope 
better under temperature stresses than do tropical forest soils. Indeed, temperate forests 
experience temperature ranges from < I to > 25° C throughout the year.
3.4.2 Adsorption capacity of soils
I made no predictions regarding the effect of temperature on the adsorption 
capacity of mineral soil, although Jardine et al. (1989) suggested that adsorption of DOC 
increases slightly with temperature. My primary goal was to determine whether any 
increase in DOC flux with higher temperatures would be offset by higher DOC sorption 
thereby preventing large scale losses o f terrestrial carbon to aquatic ecosystems. The 
classic paper by McDowell and Wood (1984) suggested that DOC adsorption in the 
mineral soil controlled DOC concentrations in streamwater. Marked decreases in DOC 
concentration between the two soil horizons can occur in spodosols (McDowell and 
Wood, 1984; Koprivnjak and Moore, 1992; Vance and David, 1992; Guggenberger and 
Zech, 1993); inceptisols and ultisols (Qualls et al. 1991, McDowell, 1998); alfisols 
(Chittleborough et al. 1992: Donald et al. 1993); and oxisols (McLain et al. 1997). While 
it is clear from the literature that DOC concentrations typically decrease as soil water 
moves through soil horizons, controlled laboratory adsorption experiments are limited in 
their ability to be scaled up to plot studies. For example, it is still not clear, when one can 
expect desorption o f DOC to occur at the watershed scale. Equilibrium or DOCnp, the 
point at which no adsorption or desorption occurs can range from 6.7 mg I*1 in the Bf 
horizon o f a dystric brunisol to 42.6 mg I*1 in the Bf horizon of a humo-ferric spodosol ( 
Moore et al. 1992). A column/horizon study such as this may be a more appropriate 
indicator o f mineral soil adsorption capacity than the Langmuir isotherm method, which
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is currently employed to estimate equilibrium DOC and partitioning. Only Nodvin et al. 
(1986) tried to estimate adsorption capacity from isotherms. Qualls and Haines (1991b) 
used a combination of column study/Langmuir isotherm method. They re-circulated 
leachate through the column and the point at which no sorption or desorption occurred 
was determined when the input and output soil solution were equal in concentration.
They found this method provided comparative results to the traditional incubation 
method.
Some authors do relate their findings to plot scale studies (McDowell and Wood, 
1984; McCracken, 1998; McDowell, 1998). McDowell and Wood, (1984) report that 
equilibrium DOC was within 1-2 mg I' 1 o f mineral solution DOC collected with 
lysimeters at Hubbard Brook, but McCracken (1998) found that equilibrium DOC was 
almost three times higher than lysimeter DOC in the Bs horizon o f her soils.
In this combined column/horizon study, I estimate that between 48 -  97% of DOC was 
adsorbed to the mineral horizon. Temperature had no significant effect on the adsorption 
capacity o f either tropical or temperate forest soils suggesting that the mineral horizon 
will be an adequate buffer preventing leachate losses of terrestrial carbon pools. 
Furthermore, my adsorption percentages are very similar to those reported in plot scale 
studies, and are not significantly altered by temperature (Table 3.6). One exception was 
my percentage adsorption for the tropical wet forest. McDowell (1998) collected soil 
solution from tension lysimeters at 40 cm and 80 cm depths in the same area that was 
used for this study. His reduction in DOC between the upper and lower horizons was 
only 20%, much lower than the 97% reduction found in this study. This was likely due to 
my values including the forest floor whereas those o f McDowell (1998) did not. I also
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noted losses of fine clay particles (< 0.07 um) during leaching and filtering of the soil 
columns and mineral horizons of the tropical wet forest soil which may have affected my 
percentage retention estimate. The soil column average o f 3.9 mg/1 DOC for the soil in 
this study was comparable to the 2.4 -1.9 mg/l reported by McDowell (1998). The very 
low DOC:DON ratio o f 7 for the wet tropical forest soil incubated at 25 0 is questionable. 
Only amino acids have such narrow DOC:DON ratios and it is unlikely that leached DOC 
comprised amino acids alone. Alternatively, unmeasured loss o f volatile DOC may well 
have contributed to this exceptionally low DOC:DON ratio.
The closeness o f percentage adsorption capacity in the temperate deciduous forest 
o f  this study with the soil solution collected in lysimeters from the same forest in 1997 
illustrates the robustness o f soil column use for determining the prevailing adsorption 
capacity. Use of soil columns and individual soil horizons to determine the prevailing 
adsorption capacity of a soil, gave us some insight into the extremely high DOC export 
values from the coniferous forest site reported by Campbell et al. (2000). The simple 
explanation for such high DOC export from this watershed must lie in a combination of 
low DOC adsorption capacity in the riparian soil mineral horizon (45 -  48%) coupled 
with shallow soils on very steep slopes. Furthermore, when leaching solution was 
acidified to the pH of the organic horizon, for this riparian soil, it made no significant 
difference in adsorption o f DOC (Figure 3.2). This suggests that all potential sorption 
sites may be full and desorption is occurring. Evidence that the potential adsorption sites 
are occupied in this riparian soil may lie in the difference between organic and mineral 
soil C:N ratio. The organic horizon had a soil C:N of 25.5, while the mineral horizon a 
soil C:N o f 34.4. McLain et al. (1997) report a higher mineral soil C:N (48) than organic
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soil C:N (29) in the riparian spodosol o f the Rio Negro which may have resulted in the 
higher groundwater and streamwater DOC concentrations reported for this “black water” 
watershed. Spodosols are typically surmised to adsorb DOC, but there are also reported 
occurrences of DOC desorption (Ferrier et al. 1990; Dahlgren and Marrett, 1991; 
McClain et al. 1997). Further evidence o f reduced adsorption capacities in riparian soils 
is supported by Hagedom et al. (2000). They report that under reducing conditions, the 
capacity for DOC sorption is low and DOC mobility is high. A riparian soil is likely to 
have reducing conditions compared to the oxidizing environment of a slope soil.
3.4.3 Nitrate losses -  Tropical vs Temperate forest soils
Nitrate losses were significantly higher from the three tropical forest soils than 
from the four temperate forest soils confirming the suggestion of Matson et al. (1999) 
that tropical soils may be more prone to N saturation than temperate soils. The 
DOC:DON ratio is typically correlated to nitrate losses (Dise and White, 1995; Harriman 
et al. 1998). Nitrate generally displays an exponential decline as soil solution DOC:DON 
ratio increases. The DOC:DON ratio was not significantly correlated to nitrate loss in 
this study (Figure 3.10) and the nitrate flux from the tropical soils appeared to have a 
positive linear relationship with DOC:DON. The tropical dry soil had moderate 
DOC:DON yet extremely high nitrate loss.
To further investigate differing nitrate losses between tropical and temperate forest 
soils further I plotted data from each individual soil column at both incubation 
temperatures and used the ratio o f (DOC:DON)/NH4  as the independent variable (Figure 
3.11). The (DOC:DON)/NHt ratio was chosen based upon a  different response in DON 
production depending upon whether the soil appeared to be limited in carbon or nitrogen
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for microbial use (Chapter 2). I felt that by including ammonium in a descriptor for 
nitrogen saturation, I would encompass microbial response to nitrogen and carbon 
limitation. All forest soils followed an expected trend with respect to nitrate loss with the 
exception of the tropical dry soil which had increased nitrate losses with wider 
(DOC:DON)/NH4 ratios (Figure 3.11). I suspect that the difference in slope for the dry 
forest soil compared to the other soils may be due to differing limiting nutrients for 
microbial use.
3.5. Conclusion
The fundamental mechanisms o f DOC, DON and CO2 production and flux are 
unlikely to be affected by global warming or cooling in both tropical and temperate 
forests. At warm temperatures, CO2 flux will increase with concomitant increases in 
DOC production but the DOC losses may not be immediately noticeable due to the large 
sorption capacity of the mineral soil. If I use CO2 flux as a surrogate o f microbial activity 
then my results suggest that DON production may also increase slightly due to the 
microbial demands for carbon and nitrogen. Warming will increase the rate at which 
labile carbon becomes limiting, this will be observed by significant increases in nitrate 
concentrations. The result will be an increase in the soil profile C:N ratio, due not to 
increased carbon storage, but instead to large losses o f nitrate from the soil nitrogen pool. 
Based on the adsorption capacity o f the soils studied I suspect that soil carbon storage 
will increase in soil mineral horizons
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Figure 3.11. Soil Nitrate Losses from Tropical and Temperate Forest soils. Both incubation temperatures are plotted. White 
Circles = Tropical Dry Forest, White Diamonds = Tropical Wet Forest, White Squares -  Tropical Mangrove Forest, Grey 
Triangles = Temperate Deciduous Forest, Grey Circles = Sphagnum Bog, Grey Squares -  Slope soil of Temperate Coniferous 
Forest, Grey Diamonds = Riparian soil of a Temperate Coniferous Forest
CHAPTER 4
THE EFFECT OF CHRONIC CARBON AND NITROGEN MANIPULATION ON 
THE RELATIONSHIPS BETWEEN SOIL C:N, SOIL RESPIRATION AND SOIL 
SOLUTION DOC IN TEMPERATE FORESTS.
4.1 Introduction
Several studies have investigated the correlation between DOC and CO2 flux 
under laboratory and field conditions (Seto and Yanagiya, 1983; Gddde et al. 1996; 
Brooks et al. 1999). However, there are differing opinions as to whether DOC or CO2 is 
the independent variable. For example, Seto and Yanagiya (1983) suggest that CO2 flux 
is dependent upon concentrations o f labile carbon while Brooks et al. (1999) propose that 
heterotrophic activity is a source o f DOC production. Evidence that DOC is a major 
energy source for soil heterotrophic activity is supported by the work o f Qualls and 
Haines (1992a) and Yano et al. (in press). Qualls and Haines (1992a) found between 
13.9 and 25% o f A and Oa horizon DOC was bioavailable during a 134-day incubation 
study. Yano et al. (in press) report up to 16.8% bioavailable DOC in hardwood and 
19.8% in conifer forests using a flow-through bioreactor system. Neither paper, however, 
addresses the origin o f soil solution DOC. The source of DOC in forest floor soil 
solution is likely a combination o f root exudate and decay, microbial production, and 
abiotic leaching o f recent plus old leaf litter and the organic horizon.
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While the contribution from roots has been quantified, (Chapter 2), there is no indication 
of how much soil solution DOC is derived from microbial production or abiotic leaching.
The objective o f this study was twofold: a) to quantify the relationships among 
soil solution DOC, soil respiration and soil C:N; and, b) to determine the effect o f  chronic 
carbon and nitrogen amendments on these relationships. Ongoing experiments at the 
Harvard Forest in Massachusetts contributed to this study. I hypothesized that the major 
source o f soil solution DOC in the forest floor during summer was microbial production 
as reflected by soil respiration. I further hypothesized that alteration in the availability o f 
carbon from recent photosynthate would not affect the relationship, but that increases in 
nitrogen input would. I based my hypothesis on the assumption that rates of microbial 
degradation o f organic matter are driven by nitrogen availability (Paul and Clark 1989; 
Killham 1994). I also hypothesized that DOC and CO2  would be significantly increased 
in the double annual leaf litter treatments, significantly reduced in the zero annual leaf 
litter treatments, and significantly increased with high-N input.
4.2 Materials and Methods
4.2.1. Study sites
Two previously established experimental sites at the Harvard Forest in north 
central Massachusetts were used for this study. Litter amendments are conducted at the 
Detritus Input Removal and Trench (DIRT) plots (Bowden et al. 1993; Boone et al.
1998). Chronic nitrogen applications are conducted at the Chronic-N sites (Aber et al. 
1993; Magill et al. 1997; Magill et al. 2000).
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The DIRT plot site is a 1.05 ha area situated in an 85-year-old mixed hardwood 
stand. The predominant tree species are northern red oak (Quercus borealis), red maple 
(Acer rubrum L.) and paper birch ([Betula papyrifera). The DIRT plots are a series o f 3 x 
3 m plots established in 1990. Treatments are as follows: 2X = twice the annual above 
ground litter input, OX = annual above ground litter inputs excluded and C = control plots 
with normal annual above ground litter inputs. Litter inputs are intercepted each year by 
placing a plastic mesh sheet over the OX litter exclusion plots from early September until 
early November (Pat Micks, pers. comm.). The litter caught in the mesh is transferred to 
the 2X litter plots to provide a doubled leaf-litter input. Newly fallen woody litter is 
removed from the OX plots throughout the growing season. The slope is approximately 
5% at this site and so a stratified random approach was used to establish the DIRT plots 
at up-slope, mid-slope and down-slope positions within the site. One o f each of the 
manipulated plots and two control plots was located randomly at each o f the slope 
positions. Zero tension lysimeters (ZTL) were installed in the plots in 1993 for collecting 
soil solution.
Two forest stands are currently studied at the Chronic- N site, a 70-year-old red 
pine (Pinus resinosa) plantation and a fifty-year-old mixed hardwood forest. The 
hardwood forest is dominated by black and red oak (Quercus velutina and Quercus 
rubra), black birch (Betula lenta), red maple (Acer rubrum) and American beech (Fagus 
grandifolia). Fertilizer additions of NH4NO3 commenced in 1988. Each treatment plot 
receives six equal applications over the growing season. Application rates are 150 kg ha'
1 y r 1 (‘High-N”) and 50 kg ha' 1 y r l (“Low-N”). Zero tension lysimeters were installed in
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1992 at the Chronic-N plots (Currie et al. 1996). For this study, only the High N inputs 
are considered, not the Low-N inputs.
4.2.2 Sample collection and analysis
Soil solution from ZTLs was collected within 24 hours o f a rainfall event between 
May and November 1999. Approximately twelve samples were collected in each plot 
over the growing season (Table 4.1). Samples were filtered through ashed (450° C for 5 
hours) Whatman GF/F filters (nominal pore size 0.7 pm) and frozen in acid-washed 
HDPE bottles until analysis. A Shimadzu TOC-SOOO total organic carbon analyzer with 
acidification and sparging was used to measure non-purgeable organic carbon (DOC). 
EPA certified reference standards were analyzed during each run to ensure accuracy of 
the working stock solutions. Replicates of standards, samples and EPA standards were 
analyzed every 1 0 th sample to monitor the precision and accuracy o f individual runs. 
Coefficient of Variation was calculated for each replicate. If the CV was >5% for any 
sample then the sample was re-run with replication. Typically, less than 1% of samples 
run as replicates have a co-efficient of variation of more than 5% and these tend to be 
samples with very low DOC concentration.
Soil CO2 flux at the DIRT plots was determined with an infrared gas analyzer 
(IRGA, LICOR Model 6262) and a flow through chamber. CO2 concentrations were 
recorded every 6  s over a  4-minute period in a tube shaped chamber (0.2S m diameter x 
0.10 m height) placed on a permanent collar inserted 1 cm into the soil. Air was 
circulated by rotary pump through the system at a rate of 0.8S L min'1. The chamber was 
vented with a capillary tube to allow equilibrium o f air pressure. Measurements were 
taken during the afternoon, which coincides with maximum flux rates (Boone et al.
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1998). Soil CO2 at the Chronic-N plots was determined similarly. Measurements were 
taken adjacent to ZTLs from mid June until the beginning o f November, at the DIRT 
plots and from mid June until the end of August at the Chronic-N plots. Soil C:N ratios 
for the control plots and treatments were obtained from the literature (Magill et al. 2000; 
Nadelhoffer et al. in preparation).
4.2.3 Data analysis
Both DOC and CO2 were normally distributed within treatments. A “repeated 
measures” analysis o f variance (ANOVA) was used to detect forest species, topographic 
slope position (DIRT plots only) and treatment effects on DOC and soil respiration. The 
DOC data presented are the mean concentrations for the period May -  November, 1999 
for the DIRT plots and for the period June -  August, 1999 for the chronic-N plots to 
coincide with soil respiration measurements. For the relationships between soil solution 
DOC and soil CN, the seasonal mean data (May -  November) for both the DIRT plots 
and Chronic-N plots were used (Table 1). The relationships between soil respiration and 
soil C:N were determined using the seasonal mean respiration for the DIRT plots and the 
May -  August data for the Chronic-N plots. Annual mean DOC concentrations and 
standard error o f the mean denote the average o f the mean DOC value of each lysimeter. 
Standard errors were large in some cases because some o f the lysimeters failed to collect 
soil solution throughout the growing season resulting in a smaller ‘n \  To further 
determine significant differences between treatments, one-tailed students t-tests 
incorporating each sample date within treatments, rather than the seasonal mean within 
treatments was used. This was to eliminate the bias o f certain lysimeters collecting soil 
solution in the spring or autumn only. One-tail students t-tests were used to test the
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hypotheses that soil respiration and DOC would be significantly increased in the double 
leaf litter and the high-N input treatments and significantly reduced in the zero leaf litter 
treatment relative to the control. Regression analysis was used to estimate the 
significance o f relationships between variables (SYSTAT® 7 for Windows. SPSS Inc., 
1997). Only lysimeters that collected three or more samples were included in regression 
analysis.
4.3 Results
The repeated measures ANOVA indicated a significant treatment effect but no 
slope effect for DOC concentrations and neither a treatment nor slope effect for soil 
respiration at the DIRT plots. At the chronic-N site, the repeated measures ANOVA 
indicated a significant treatment, species, and treatment + species effect on DOC 
concentrations and a significant treatment effect but no species effect on soil respiration.
Addition of litter resulted in increased C fluxes and litter removal caused 
decreased C fluxes. DOC was significantly higher in the 2X litter treatments (p < 0.01) 
and significantly reduced in the OX litter input plots (p <0.01) relative to the DIRT 
control plots (Table 4.1). Soil respiration was significantly reduced in the OX treatment 
but not significantly different from the control with double leaf litter input. Addition of 
N had species-specific effects on C fluxes. DOC concentrations were significantly 
increased with high-N input in both the coniferous or hardwood stands relative to the 
controls (p < 0.01). Soil respiration was significantly lower (p < 0.05) in nitrogen-treated 
plots in the coniferous stand.
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A relatively strong relationship was found between DOC concentration and soil
respiration in the hardwood control plots (R2  = 0.61, p < 0.001) (Fig. 4.1). This 
relationship was unaffected by carbon and nitrogen manipulation in general. One 
lysimeter was omitted from the regression analysis because of extremely high DOC yet 
low soil respiration. As in the hardwood stand, forest floor DOC concentrations and soil 
respiration were related for the un-amended plots in the coniferous stand (Fig. 4.2). The 
amount o f variance in soil solution DOC concentration explained by soil respiration was 
much higher compared to the hardwood forest control plots (R2 = 0.92 p < 0.0S n = 4). 
Addition o f nitrogen significantly reduced soil respiration (p < 0.05) yet significantly 
increased DOC concentrations (p < 0.05). Across both forest types and treatments there 
was a relatively strong relationship between the C:N ratio of forest floor soil and soil 
solution DOC concentrations (R2 = 0.75 p < 0.01 n = 7) (Fig. 4.3). Soil C:N, however, 
was unable to explain the variance in soil respiration (Fig. 4.4).
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Table 4.1 Soil respiration, DOC concentration and soil C:N ratios for the DIRT and Chronic -N  
sites. Superscript letters indicate statistically significant differences (p <0.05) within each study site.








DIRT PLOTS 28.7 2.5 12 111.5 14.5 6 232 21.7
Control 24.4 1.0 11 117.7 17.2 5 22.4 22.4
39.1 5.1 9 142.0 25.7 6 23.4 nd
26.3 l.l 5 88.7 14.1 6 19.9 nd
25.7 2.6 2 165.4 40.9 5 22.3 25.9
33.3 4.7 2 185.5 45.1 5 23.1 nd
Annual Mean *29.1 1.8 42 •133.2 12.3 6 22.4 23.3
2X leaf litter Input 42.4 5.9 10 179.5 18.8 6 23.5 23.7
35.3 52 10 119.0 16.9 5 20.5 23.4
38.3 32 14 132.6 23.4 6 22.7 24.3
Annual Mean b38.6 2.6 34 *145.2 13.54 3 22.2 23.8
Zero leaf litter input 172 2.7 12 79.4 9.8 6 20.9 20.1
19.1 3.3 9 63.4 11.0 5 23.8 25.2
30.1 2.5 11 59.9 10.0 5 22.9 25.1
Annual Mean •22.2 1.9 32 b68.3 6.4 3 22.5 23.5
CHRONIC-N PLOTS
Hardwood Control 49.7 13.7 5 184.1 69.7 6
45.1 7.9 6 130.4 55.1 7
42.1 10.8 4 137.3 492 7
64.6 16.1 4 181.0 66.6 6
67 2 11.7 5 162.8 62.4 7
June -  August Mean 53.8 5.1 5 157.7 25.9 5
Annual Mean '44.7 3.1 5 - - • 25.9 25.6
Hardwood High-N 47.3 4.7 4 98.4 32.6 6
48.2 5.0 3 158.9 68.1 6
40.3 6.5 4 128.5 43.6 7
129.6 312 3 1282 40.5 7
ns - - 107.6 302 7
June- August Mean 66.3 21.2 4 124.0 18.8 5
Annual Mean "59.1 8.25 4 - - - 23.6 25.1
Coniferous Control 70.3 14.7 5 1322 37.7 7
70.9 9.6 5 140.8 49.7 7
84.15 10.3 5 144.4 472 7
47.54 6.3 4 116.1 33.0 7
ns — - 135.1 30.1 7
June -  August Mean 71.7 6.9 4 A 133.7 17.0 5
Annual Mean b60.4 4.1 4 - - - 22.2 23.7
Coniferous High N 126.3 17.5 5 110.1 32.0 7
83.9 12.9 5 982 27.8 7
102.5 19.1 5 82.5 27.1 7
48.6 5.1 2 91.9 22.1 7
65.5 7.1 4 83.7 22.6 6
June - August Mean 85.4 13.6 5 b93.6 11.5 5
Annual Mean CI00.3 7.8 5 ns - - 23.7 28.5
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R2 = 0.61 p < 0.001








Figure 4.1 Relationship between mean forest floor DOC concentration and mean soil respiration in the control plots of the 
hardwood stands. Squares = Hardwood DIRT plots, Diamonds = Hardwood Chronic-N plots. Stippled = Control, Black = 2X 






























Figure 4.2 Relationship between mean soil solution DOC and mean soil respiration in the conifer stand with and without N- 
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Figure 4.3 Relationship between forest floor DOC and soil C:N ratio for all treatments and controls sampled. Squares = DIRT 
plot Hardwood, Diamonds = Chronic-N Hardwood and Circles = Chronic-N Conifer. Stippled = Control, Black = 2X litter 
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Figure 4.4 The relationship between soil respiration and forest floor C:N ratio. Squares -  DIRT plot Hardwood, Diamonds; 
Chronic-N Hardwood and Circles = Chronic-N Conifer. Stippled = Control, Black = 2X litter input or high N input and 
White -  Zero litter input. Error bars indicate 1
4.4 Discussion
My results for concentrations o f dissolved organic carbon in soil solution 
collected from the hardwood control plots are within the range reported for mixed 
hardwood forests and previous work at the Harvard Forest chronic-N plots (McDowell 
and Likens, 1988; Liechty et al. 199S; McDowell et al. 1998). Soil respiration for the 
hardwood control plots was comparable to soil respiration for the DIRT plots reported 
earlier by Boone et al. (1998). In the conifer control plots, DOC concentrations were 
comparable to those reported in similar coniferous forests in the Adirondacks and 
Howland, Maine (David and Driscoll, 1984; Fernandez et al. 1995). Soil respiration was 
much higher than reported for Colorado coniferous forests (Brooks et al. 1999) but that is 
to be expected since their study took place during winter when soil respiration and hence 
microbial activity are much reduced. Mean DOC concentrations at the N-amended 
coniferous site were much higher than reported for the NITREX sites in Gardsjon, 
Sweden (Raastad and Mulder, 1999). Nitrogen amendments at the Gardsjon site (35 kg 
ha' 1 yr'1) are considerably lower than at the Chronic-N site (150 kg ha*1 y r '). 
Furthermore, the NITREX site has only had N amendment for four years, whereas the 
Chronic-N site has had N amendments for eleven years (1988-1999).
The strong relationship between soil solution DOC and soil respiration at the 
hardwood plots is similar to reported laboratory and field studies. For example, 
Aitkenhead and McDowell (in preparation) found 73% o f the variance in DOC 
production in soil columns was explained by soil respiration at 25°C and 92% at 1°C 
incubation. Seto and Yanagiya (1983) used DOC as the independent variable in their 
laboratory study o f organic soils and report an extremely high correlation between CO2
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and DOC (R2 = 0.95). Gddde et al. (1996) report a slight and non-significant correlation 
between DOC production and CO2 evolution (R2  = 0.42) for the organic horizons o f eight 
red spruce sites in New England. Brooks et al. (1999) observed that 90% o f the variance 
in soil solution DOC is explained by soil respiration during the winter season. Their field 
study was under various cover types including alpine and subalpine meadow and 
subalpine forest.
My primary objective was to quantify relationships among soil solution DOC, soil 
respiration and forest floor soil C:N in an effort to understand the variables controlling 
DOC concentrations. The relationship between soil solution DOC concentration and 
forest floor soil C:N ratio was relatively strong across both species type and treatments, 
supporting the hypothesis that soil C:N is an excellent predictor o f DOC export. 
(Aitkenhead and McDowell, 2000). The fact that chronic nitrogen application does not 
significantly affect the relationship between DOC and soil C:N ratio is encouraging, and 
suggests that mechanisms exist within the soil to cope with anthropogenic disturbances, 
such as increasing nitrogen deposition. I found no real relationship between soil 
respiration and soil C:N ratio across treatments yet Ross et al. (1999) report an extremely 
strong relationship between these two variables in coniferous stands in New Zealand and 
Siberia (R2 = 0.98 p < 0.01). Their forest floor C:N values range from 40 to 75 and COi- 
C fluxes from 70 to 149 mg kg*1 hr*1. I also found a statistically strong relationship 
between CO2 and soil C:N (R2 = 0.92 and R2 = 0.98, p < 0.01) in a soil column study 
incorporating temperate and tropical forest soils (Chapter 3). The lack o f a relationship 
between CO2 and soil C:N in this study suggests that nitrogen input may have affected
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either root or microbial respiration in the chronic-N treatments because o f the 
significantly lower soil respiration in high-N treatments.
The strength and significance o f the relationships found between DOC and CO2 
allowed us to explore my secondary objective, the effect o f chronic carbon and nitrogen 
amendment on these relationships. Both DOC concentration and soil respiration 
individually show expected variation with carbon manipulation (Boone et al. 1998; 
Nadelhoffer et al. in preparation). The same cannot be said for nitrogen amendments.
For example, Aber (1992) originally hypothesized that as chronic nitrogen additions 
continued there would be a decrease in the production o f available DOC. This was 
hypothesized to be a result of increased nitrogen concentrations in foliage and reductions 
in internal carbon pools through higher biomass production. Furthermore, decreases in 
the existing DOC pools through microbial utilization were predicted as rates o f soil 
organic matter decomposition are driven by N availability. My study shows increased 
DOC concentrations with high nitrogen amendment yet lower respiration for both 
hardwood and conifer forests. A decrease in soil respiration after the addition o f nitrogen 
fertilizer has also been observed for Douglas fir and Western Hemlock stands (Mattson, 
1995).
I suspect that the decline in CO2  flux that is observed with N fertilization is 
associated with reduced rates of microbial activity, rather than declining root respiration. 
For most plants, total root respiration increases after nitrogen addition. This is because 
energy is required for the reduction of nitrate, incorporation of ammonium into amino 
acids and maintenance of high N content in tissue (Johnson, 1983; Margolis and Waring, 
1987). More recently, Shengjun et al. (1998) observed significantly lower root
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respiration for Douglas fir seedlings incubated at 18°C with 200 ppm N addition. They 
found that as N input increased from SO ppm to 200 ppm the dry weight o f roots 
decreased. Wallander and Nyland (1990,1992) observed a rapid increase in mycelial 
biomass when a stand o f Pinus sylvestris was fertilized with N lower than 20 mg l*1, but 
no increase when the N input was increased to 200 mg I*1. Evidence o f declining 
microbial activity is indicated by significantly decreased bacterial biomass in the 
coniferous High-N treatment plot (p < 0.05). Fungal biomass is increased with high N- 
input in the hardwood site and decreased with high-N input at the coniferous site (Glenn 
Bemtson, unpublished data). Soil respiration and bacterial biomass display a positive 
relationship suggesting bacteria are unaffected by high N input (Figure 4.5a). There was 
no relationship between soil respiration and fungal biomass suggesting that reduction in 
soil respiration may be due to a dysfunction in fungal processes. Typically DOC 
concentrations are strongly and positively related to fungal biomass (Chapter 2). In this 
study of chronic-N application, there was no relationship between DOC concentration 
and total fungal biomass (Figure 4.5d) further suggesting a breakdown in fungal function. 
The higher DOC concentrations observed with N fertilization could be due to N-induced 
suppression o f complete lignin degradation by white rot fungi. The suppression of 
ligninase synthesis by high nitrogen concentration results in an accumulation o f highly 
hydrolyzable, moderately altered soft-rot products (Guggenberger 1994).
There was a significant negative relationship between DOC concentration and 
bacterial biomass (Figure 4.5b) which was similar to that found in litter manipulation 
treatments in 1997 (data not shown). The significant inverse relationship between DOC 
and bacterial biomass in both hardwood and coniferous stands in two different types of
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study suggests that the overall function o f bacteria is DOC consumption. In contrast, the 
function o f fungal biomass appears to be one o f DOC production.
My results suggest that under moderate (ambient) N loading, the production of 
DOC and CO2 are intimately linked. Both DOC concentrations and CO2 flux respond to 
the changes in C status produced by doubling or removing leaf litter inputs to the forest 
floor (Figure 4.1), and both vary to some extent as a function of soil C:N (Figures 4.3 and 
4.4). Because root activity is unaffected by the litter manipulations, the simplest 
explanation for these relationships is that microbial decomposition of soil organic matter 
drives most o f the variability in DOC production among the treatment plots. In the face 
of N loading, however, these linkages between DOC production and CO2  are uncoupled 
(Figures 4.1 and 4.2) suggesting that there are fundamental, qualitative changes in the C 
cycle of temperate forest plots subjected to heavy N loading
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Figure 4.5 Relationships between microbial biomass and a) C 02, b) DOC and between fungal biomass and c) C 02 d) DOC at the chronic-N sites. 
Diamonds -  hardwood stands and circles -  coniferous stands. White -  control plots, grey -  low-N input plots and black = high-N input plots
CHAPTER 5
DON LOSSES AT THE MICROCOSM, PLOT AND WATERSHED SCALE
5.1 Introduction
Dissolved organic nitrogen (DON) and carbon (DOC) are produced by biotic and 
abiotic processes in the soil. The data presented in Chapter 2, however, suggest that the 
relationship between DOC and DON production may be complex. Nonetheless, losses o f 
DOC and DON do appear to follow a similar route with respect to hydrologic flow paths 
and their eventual appearance in stream waters (Figure 5.1). Most apparent is the strong 
relationship between DON and DOC at the watershed scale within ecosystem type and 
region. Yet, if  the data points were plotted individually, across ecosystem type for 
example, then no relationship would be apparent (Figure 5.1). It appears then that 
perhaps DON export cannot be as successfully modeled across the ecosystem scale as can 
DOC export (Aitkenhead and McDowell 2000).
DON is the largest fraction total dissolved nitrogen export (TDN) in many rivers. 
Up to 95% of total dissolved nitrogen export (TDN) is in the form o f DON from 
undisturbed, old growth forests in Chile (Hedin et al. 1995). McDowell and Asbury 
(1994) report a slightly lower 50-70% of total dissolved nitrogen in the form of DON 
from Puerto Rico. In unfertilized coniferous forests o f Finland, DON accounts for 40-
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80% o f TDN, while in fertilized forests, DON export is between 50-70% of TDN 
(Kortelainen et al. 1997). DON export from mixed northern forests is typically between 
20-50% of TDN (Campbell et al. 2000).
Unlike DOC, little is known about reactions between DON and other elements or 
its bioavailability to terrestrial or aquatic biota. Interest in DON has increased recently 
due to advanced analytical methods (Merriam et al., 1996), and the recognition that DON 
may be more biologically reactive than originally thought. Seitzinger and Saunders 
(1997) examined the bioavailability o f riverine DON using a laboratory controlled, 
incubation study. They report between 40-70% reduction in DON concentration over a 
period of 25 days. The reduction was accompanied by increases in the estuarine bacterial 
biomass and re-mineralization to inorganic nitrogen. Seitzinger and Saunders (1997) 
further suggest that DON may contribute more to estuarine eutrophication than 
previously suspected. Typically, more interest has been placed on riverine nitrate 
concentrations and export than DON due to surface water and estuarine eutrophication 
(e.g. Nixon, 1995), and public health issues such as childhood methemoglobinemia (e.g. 
Comly 1945; Virgil etal. 1965).
Many authors have reported a relationship between DON and DOC, yet typically 
the studies are conducted within similar vegetation types (Figure 5.1). At a plot-scale 
litter manipulation study at Harvard Forest, DON and DOC displayed differing responses 
to litter manipulation (Chapter 2). Greater concentrations o f DON were produced when 
leaf and root litter was removed. In addition, both positive and negative relationships 
were found between DOC and DON. When roots were removed, an inverse relationship
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Figure 5.1. Relationship between DON export and DOC export. Data from a selection of studies with varying forest species 
cover. Source of data: White circles = northern mixed forests, Canada (Dillon and Molot 1991); black square -  northern 
mixed forests, New England, USA (Campbell et al. 2000); grey triangles =Cool conifer, Finland (Kortelainen et aL 1997); black 
circles = cool conifer, Canada (Clair et al. 1994); white diamonds = northern mixed forests, Canada (Clair et al. 1994)
between DOC and DON was apparent, but when leaf litter was excluded, the result was a 
positive relationship. Furthermore, DON production was highly correlated to total fungal 
biomass (Chapter 2).
DON production is also significantly related to soil respiration, DOC and 
ammonium concentrations and soil C:N under controlled laboratory experiments. DON 
production was significantly related to DOC, CO2 and soil C:N at the microcosm scale in 
a study incorporating both tropical and temperate forest soils at two incubation 
temperatures. Neither forest type nor incubation temperature affected the relationship 
between the variables (Chapter 3). Andersson et al. (2000), report a strong and 
significant relationship between DON concentration and ammonium for an un-limed and 
a limed coniferous forest soil coniferous forest soil incubated at 15° C. DOC production 
was also strongly related to ammonium concentration in a column study using coniferous 
forest soils (R2 = 0.88) (Benjamin, 1996).
It is possible that a link between DON production and concentrations o f DOC and 
ammonium does exist. In Chapter 2 I suggested that a major proportion of DON may be 
extracellular enzymes. Evidence suggests that extra-cellular enzymes are substrate 
initiated (e.g. Deacon, 1994). Further evidence suggests that the microbial community 
prefer ammonium to nitrate (e.g. Recous et al. 1992). It would seem logical then, that if 
DON is largely extracellular enzymes, and these enzymes were produced as a response to 
microbial limits o f labile carbon or ammonium, then DON production may be strongly 
related to the ratio of soil solution DOC:NFLt. My use o f the DOC:NHt ratio was based 
upon an operational criterion o f limitations o f labile carbon or ammonium for microbial 
activity. I developed further the conceptional model introduced in Chapter 2 as a
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Figure 5.0 Conceptual models of traditional decomposition by leaching and enzyme 
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hypothesis for DON productivity in soil that may have limitations of carbon or nitrogen 
for immediate microbial use (Figure S.2).
The primary objective of this study was to examine the relationship between DON 
production and DOC:NH4 ratio at the microcosm, plot and watershed scales. The 
secondary objective will be to compare DOC, soil C:N and the DOCiNRj ratio as the 
independent variable describing variance in DON concentrations.
5.2 Materials and methods
To investigate D O N  production at the microcosm scale, I used seven soils from 
tropical and temperate forests in a controlled laboratory column study. Two incubation 
temperatures were used, 1° C and 25° C. The soils were packed in soil columns and 
leached twice weekly for a period of five weeks. The leachate analyzed for DOC, NH4 
and D O N . I used the soil solution D O O N H 4  ratio in regression analysis with D O N  
production.
For investigation of DON production at the plot scale, I used data from an above- 
and below-ground litter manipulation study conducted at Harvard Forest (Chapter 2).
Soil solution was collected by zero tension lysimeter after rain events. Soil solution was 
analyzed for D O N , D O C  and NH4. I compared the relationships between D O N  
production and the soil solution D O C :N H » ratio among the different treatments to 
investigate the response in D O N  production with litter manipulation. In addition, I 
obtained D O N , D O C , N H 4 and soil C :N  data from the Chronic-N plots for 1996 (Magill 
et al. unpublished results). I compared the relationship between D O N  production and soil 
solution D O C N H 4  ratio and between D O N  and D O C  and soil C :N  to investigate.
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which independent variable would be the better predictor o f DON production at the plot 
scale in forests impacted with nitrogen deposition.
5.3 Results
Strong relationships existed between D O N  production and D O C iN H * ratio at the 
microcosm scale (Figure 5.2). In the coniferous forest, sphagnum bog soil, the 
relationship between the two variables was negative. When the D O C :N H 4 ratio was 
narrow, D O N  production was high. In the tropical dry forest, tropical wet forest and 
coniferous forest slope soils the relationship between D O N  production and D O C :N H 4 
ratio was strong and positive (Figures 5.2b-d). The coniferous forest riparian and 
deciduous forest soils are consistent with a combination of a positive and negative 
relationship between D O N  production and the D O O N H 4  ratio (Figures 5.2.e and f), or 
may show no relationship at all.
At the plot scale, similar relationships to those at the microcosm scale were 
apparent between soil solution DON production and DOC:NH4 ratio (Figure 5.3 a-f).
The control plots at the Chronic-N pine and hardwood site and the hardwood DIRT site at 
the Harvard forest displayed a negative relationship between DON production and 
DOCNH4  ratio (Figures 5.3a and 5.3c). When low (50 kg ha yr) and high (150 kg ha yr) 
inputs o f nitrogen fertilizer are applied to plots at the chronic-N site (Magill et al. 2000), 
the relationship between DON production and DOC:NH4  ratio does not change (Figure 
5.3b). Similarly, when leaf litter or roots are removed from plots, the relationship 
between DON production and DOC:NH4 ratio is negative (Figures 5.3d and 5.3f). When 
a plot receives double annual leaf litter, the relationship between DON production and
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D O C :N H » ratio is strong and positive with higher D O N  production as the ratio between 
D O C  and NH 4 widens (Figure 5.3e). When roots are excluded, the relationship between 
D O N  production and D O C :N H 4 ratio appears negative (Figure 5.3f).
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Figure S.2 Relationships between DON production and DOC:NH4  at the microcosm 
scale, a) Coniferous sphagnum bog soil at 1°C, b) Wet tropical forest soil at 1°C, c) 
Dry tropical forest soil at 1°C, d) Coniferous forest slope soil at 25”C, e) Coniferous 
forest riparian soil at 2S°C, f) Deciduous forest soil at 2S°C. The numbering on 
Figure f  is the leaching number.
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Figure S3  Relationships between DON production and DOCiNH* Ratio at the plot 
scale a) Control plots at the Chronic-N site Hardwood + Coniferous (1995-1997), b) 
High and Low input plots at the Chronic-N site, Hardwood = squares, coniferous = 
circles, black = high-N and white = low-N (1995-1997 c) Control plots at the DIRT 
site (summer 1997), d) Zero Leaf Litter input at the DIRT site (summer 1997), e) 2X 
Leaf Litter input at the DIRT site (summer 1997), I) Zero Root input at the DIRT 
site (summer 1997).
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5.4 Discussion
Microbial activity is responsible for decomposition and the release o f nutrients for 
recycling in the forest floor. Patterns o f DON production in soils at the micocosm and 
plot scale were apparent suggesting a strong microbial influence on high DON 
production. My use o f the DOC:NH4 ratio was based upon an operational criterion of 
limitations o f labile carbon or ammonium for microbial activity. The relationships found 
between DON production and DOONR* were negative in the sphagnum bog soil and in 
soils with either leaf litter excluded or low and high nitrogen input. A narrow 
DOCNH4  ratio produced high rates o f DON production suggesting that in these soils, 
labile carbon limits microbial activity, and the response is extracellular release of 
cellulase which I measure as increased DON. In contrast, tropical dry and wet forest 
soils, coniferous forest slope soils and soils with increased leaf litter input, display a 
positive relationship between DON production and soil solution DOC:NH4  ratio. When 
the DOCrNRt ratio is wide, then high DON production results. This suggests that these 
soils may be limited in ammonium for microbial activity, and the response is de-aminase 
production, measured as DON.
The mixed response observed for the coniferous forest riparian soil and the 
deciduous forest soil suggests a ‘feedback mechanism’ responding to alternating 
limitation on labile carbon and ammonium for microbial needs. Figure 5.2f shows the 
leaching number for this deciduous soil column, on the first and second leaching, the soil 
appeared to be limiting in ammonium, perhaps as a response to soil preparation. DON 
production then increases five-fold as a response to declining concentrations of 
ammonium. With the DON increase at leaching three there is a concomitant increase in
ill
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
DOC. At leaching numbers four -  six, I assume that both labile carbon and ammonium 
requirements for the microbial community are satisfied. At the seventh leaching DON 
production increases slightly displaying a limitation for labile carbon concomitant with 
the gradual decline in DOC but the steady production o f NH4 . At the final leaching 
DON production decreases to early concentrations.
The DOCrNRt ratio is useful for predicting DON production across vegetation 
species. Use of DOONH4  ratio for predicting DON production at hardwood and 
coniferous sites undergoing chronic nitrogen manipulation was successful but 1 needed 
further proof that is was superior to DOC or soil C:N in explaining variance in DON 
production. I compared the strength o f the relationship between DON production and 
DOC:NHt ratio to relationships between DON and DOC production and DON production 
and soil C:N for 1996 at the Chronic-N plots at Harvard forest (Figure S.4). Data for soil 
C:N in 1996 was obtained from Magill et al. (2000). Neither DOC production nor soil 
C:N ratio were able to explain more than 21% of the variance in DON production at the 
Chronic-N plots (Figures 5.4a and 5.4b). In contrast, DOC:NH» ratio was able t o explain 
> 90% o f the variance in the chronic-N plots in 1996 (5.4c).
Forests displaying microbial ammonium limitation tend to be undisturbed 
northern hardwoods such as those studied by Campbell et al. (2000) (Figure 5.5) and 
tropical forests (Figure 5.2). We may also see indications o f both microbial carbon and 
ammonium limitations within an ecosystem. The data o f Lovett et al. (2000) from mixed 
hardwoods in the Catskill mountains o f New York, show the difficulty o f predicting 
DON concentrations in streamwater using the DOC:NH4  ratio (Figure 5.6a). Using DOC
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to describe variance in riverine DON concentrations in these watersheds did not improve 
the amount of variance explained (Figure 5.6b).
The relationship between D O N  production and D O C N H 4  ratio in soil solution 
suggests that the microbial response to either narrowing or widening o f the D O C :N R t 
ratio is production of extra-cellular enzymes measurable as D O N . This is an independent 
evaluation based upon results o f soil solution chemistry. Further investigation into extra­
cellular enzyme activities and concentrations in soil solution is necessary to support or 
reject this hypothesis. Regional D O N  export also appear to be predictable using 
D O C N H 4  ratio but regional D O N  concentrations do not.
The D O C .N H 4 ratio may be better employed to predict D O N  production in soil 
solution at sites where the microbial community is under long-term nutrient availability 
stress such as nitrogen deposition and fertilization or liming.
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Figure 5.4 Relationships between DON production and DOC, between DON and 
soil C:N and between DON and soil solution DOC:NH4 ratio for 1996 at the 
Chronic-N plots at Harvard Forest. Squares = Hardwood stands and Diamonds = 
Coniferous stands. Control, Low-N input and High-N input are included. Data 
Source: W. H. McDowell, unpublished results.
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Figure 5.7 Relationship between streamwater DON concentrations and streamwater 
DOC and between DON and DOC:NH4  ratio of watersheds of mixed hardwoods 
forests in the Catskills mountains, New York. Data Source: Lovett et al. 1999.
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CHAPTER 6
SOIL C:N RATIO AS A PREDICTOR OF ANNUAL RIVERINE DOC FLUX AT
LOCAL AND GLOBAL SCALES
6.1 Introduction
The flux of dissolved organic carbon (DOC) from terrestrial landscapes to surface 
runoff is a fundamental part o f the global carbon cycle with wide-ranging consequences 
for aquatic chemistry and biology. DOC affects the complexation, solubility, and 
mobility of metals (Perdue et al. 1976; Driscoll et al. 1988; Martell et al. 1988) as well as 
the adsorption of pesticides to soils (Senesi, 1992; Worral et al. 1997). Formation of 
trihalomethanes when drinking water is disinfected with chlorine, a worldwide threat to 
water supplies, is also linked to DOC concentrations (Siddiqui et al. 1997). Finally, DOC 
attenuates UV-B radiation and thus provides some protection to aquatic biota from 
exposure to harmful UV radiation (e.g., Williamson and Zagarese, 1994).
Because estimated DOC fluxes are 1-2 orders o f magnitude smaller than the 
global transfer of carbon between vegetation and atmosphere (110 Pg C y r l) (Schneider, 
1989; Dixon and Turner, 1991), small changes in the carbon balance of the biosphere 
could result in large changes in DOC export. DOC concentrations and flux are sensitive 
to changes in temperature and moisture conditions in soils (Christ and David, 1996b; 
Mulholland and Hill, 1997) and increased atmospheric CO2 (Jones et al. 1998)
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Any effort to model DOC flux under conditions o f a changing global climate must be 
based on an understanding of the underlying mechanisms regulating that flux.
Soils are an important pool o f organic carbon and play a major role in the global 
carbon cycle. Approximately 50% o f surface soil carbon is fast cycling with a turnover 
time o f between 10 and 100 years (Harrison et al. 1995; Trumbore et al. 1996). The 
estimated soil organic carbon pool in the near surface soil horizon is 1500 Pg C 
(Schlesinger, 1977; Post et al. 1982; Eswaran et al. 1993). Soils also contain 95 Pg N 
(Post et al. 1985), 80% o f which is in the surface horizons. Within the soil profile, 
sorption o f DOC is common in podzolic soils and is often thought to be important in 
regulating DOC flux in particular watersheds (McDowell and Wood, 1984). Although 
the podzolization process typically results in net retention o f DOC, mature spodosols 
appear to be a net DOC source to tributaries of the Amazon (McClain et al. 1997), and 
they may be a net source of DOC to rivers in other regions as well. Enhanced 
anthropogenic nitrogen input seems to accelerate this DOC release in well-developed 
spodosols (Guggenberger and Zech, 1993).
Controls on riverine DOC concentration and flux have been the focus o f  much 
research over the last 15 years (e.g., McDowell and Wood, 1984; Eckhardt and Moore, 
1990; Clair et al. 1994; Hope et al. 1997a). Most o f the studies on riverine DOC 
dynamics have been small-scale and watershed-specific. Relatively few have examined 
the factors that might be responsible for differences in DOC flux between watersheds or 
biome types. The objectives o f this study were to investigate (1) the extent to which soil 
C:N ratio can be used to predict soil solution DOC concentration and riverine DOC flux
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at a range o f watershed sizes and vegetation types and (2 ) to estimate the total dissolved 
organic carbon flux to the oceans.
6.2 Materials and Methods
6.2.1 DOC Export and Soil C:N Ratios
Mean annual riverine DOC flux for 164 rivers ranging in watershed size from 
0.38 ha to 3.2 x 10® ha was obtained from the published literature (Table 1). I only 
included data for which sampling covered all hydrologic regimes and which I could 
confidently assign to a biome type. Each river was classified according to the dominant 
biome type of its watershed using the major world ecosystem complexes (Olson and 
Watts, 1982) described by Zinke et al. (1986). Fifteen biome types were identified. The 
average annual riverine DOC flux for each o f the biome types was then calculated.
A database o f soil C:N ratio was constructed using soil organic carbon and total nitrogen 
data from the Carbon Dioxide Inventory Center database (Zinke et al.1986) and data 
reported in the published literature (e.g., Glentworth, 19S4; Heslop and Brown, 1969; 
Laing, 1976; Huntington et al. 1988; McDowell et al. 1992; Johnson and Lindberg, 1992; 
David and Lawrence, 1996; Huang and Schoenau, 1997; McClain et al. 1997). Only soil 
profiles that had been sampled to lm in depth or to bedrock were included in the 
database. This would ensure that hydrological flow through the mineral soil during base 
flow and the organic horizon during storm flow would be accounted for, and that the 
mean annual riverine export would reflect the annual hydrology. The soil C:N database 
was subdivided into biome types, and the mean soil C:N ratio was calculated for each 
biome. The C:N database holds soil C:N data for over 2000 soil profiles divided into 
Olson Ecosystem complexes (Olson and Watts, 1982).
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Table 6.1. Descriptions of the 164 Watersheds used to Estimate Mean Annual 
Riverine DOC Export by Biome.______________________________________
Biome/Wateished DOC,




to o l Grasslands
Brazos River, Texas* 2.11 1.14 xlO7 Malcolm and Durum (1976)
Missouri River* 1.58 1.08x10* Malcolm and Durum (1976)
Mississippi River* 5.34 3.22 x 10* Malcolm and Durum (1976)
Colorado River, Texas 1.00 1.07 x 107 Mulholland and Watts (1982)
Trinity River, Texas 6.50 4.45 x 106 Mulholland and Watts (1982)
Salinas River, California 5.50 1.04 x 106 Mulholland and Watts (1982)
San Joaquin River, California 5.00 3.5 x 106 Mulholland and Watts (1982)
Rio Grande, Texas 1.00 4.56 x 107 Mulholland and Watts (1982)
Colorado River, California 1.00 6.39 x 107 Mulholland and Watts (1982)
Guadalupe River, Texas 9.50 1.35 x 106 Mulholland and Watts (1982)
S. Kings Creek, Kansas 3.97 1.06 x 103 W. Dodds (unpub data, 1997)
Tropical Savanna
Gambia River, West Africa 2.66 4.20 x 106 Lesack et al. (1984)
Apure River, Venezuela 21.35 1.67 x 107 Saunders and Lewis (1988)
Paraguay River, Brazil 8.69 3.60 x 107 Hamilton et al. (1997)
Taiga
MacKenzie River, NW. Territories 12.00 1.66 x 10* Mulholland and Watts (1982)
Back River, NW. Territories 4.50 9.80 x 106 Mulholland and Watts (1983)
Thelon River, NW. Territories 6.50 1.54 x 107 Mulholland and Watts (1984)
Coppermine River, NW. Territories 5.50 2.03 x 106 Mulholland and Watts (1985)
Kazan River, NW. Territories 8.50 7.23 x 106 Mulholland and Watts (1986)
Quoich River, NW. Territories 5.00 2.87 x 106 Mulholland and Watts (1987)
Siberian Steppe
River Volga, Russia 12.90 1.4 x 10* Skopintsev (1979)
Warm Deciduous
Watershed 18, Coweeta, South Carolina 15.35 13 Tate and Meyer (1983)
Watershed 13, Coweeta, South Carolina 12.85 16 Tate and Meyer(l983)
Warm Mixed Forests
Fourmile Branch, South Carolina 17.14 1.26 x 103 Dosskey and Bertsch (1994)
Cool Deciduous
Bear Brook, New Hampshire 17.80 100 Fisher and Likens,(l973)
Augusta Creek, Michigan 27.70 3.64 x 103 Moeller etal. (1979)
Augusta Creek, Michigan 18.70 6.27 x 103 Moeller etal. 1979)
Smith Creek, Michigan 22.10 78 Moeller etal. 1979)
Hubbard Brook, (W6) New Hampshire 8.51 13 Hobbie and Likens (1973)
Bear Brook, New Hampshire 20.80 100 McDowell and Likens (1988)
Warm Conifer
Eel River, California 39.00 8.06 x 105 Mulholland and Watts (1982)
Russian River, California 26.00 3.46 x 10s Mulholland and Watts (1982)
Klamath River, California 18 JO 3.13 x 106 Mulholland and Watts (1982)
S t Johns River, Florida 27 JO 2.26 x 106 Mulholland and Watts (1982)
Peace River, Florida 37.50 3.56 x 10s Mulholland and Watts (1982)
Suwannee River, Florida 42.50 2.5 x 106 Mulholland and Watts (1982)
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Apalachicola River, Florida 
Choctawatchee River, Florida 
Escambia River, Florida 
Alabama River, Alabama 
Pascagoula River, Mississippi 
Pearl River, Louisiana 
Satilla River, Georgia
Watershed 1, Carteret County, North Carolina 
Cool Conifer
Kelly River, Nova Scotia, Canada
Wallace River, Nova Scotia, Canada
Salmon River, Nova Scotia, Canada
NE Margaree River, Nova Scotia, Canada
Clam Harbour, Nova Scotia, Canada






Katajaluoma • SW Finland
Tollinja - SW Finland
Kesselinpuro • SE Finland
Teecressuonoja - S Finland
Paunulanpuro - S Finland
Heinajoki • S Finland
Kellojoki • NE Finland
Myllypuro-NE Finland
Vaarajoki - NE Finland
Vaha-Askanjoki -  N Finland
Kuusivaaranpuro - Arctic









Ochil Hills, Scotland, UK 
Pipers Hole, Newfoundland 
Indian River, Newfoundland 
Isle aux Morts, Newfoundland 
Torrent River, Newfoundland 
Baddoch Bum, Scotland, UK 
Kaatvatn, Norway 
Glen Dye, Scotland, UK 
AfonCyff, Wales, UK
Mixed Northern Forests
LaHave River, Nova Scotia, Canada 
Liscomb River, Nova Scotia, Canada 
Medway River, Nova Scotia, Canada 
Meteghan River, Nova Scotia, Canada 
















































4.56 x 106 
1.13 x 106 
9.88 x 103
5.57 x 106 
1.73 x 106 
1.72 xlO6 




1.99 x 104 
3.68 x 104 
4.5 x 103 
1.35 x 103 
2.85 x 104 
1.09 x 106 














1.9 x 103 
1.6 x 103
2.8 x 103
2.9 x t03 









9.74 x 104 
2.05 x IO4 
624 x IO4 
2.3 x 103 
2.56 x I03 
4.1 x 103 
4
Mulholland and Watts (1982) 
Mulholland and Watts (1982) 
Mulholland and Watts (1982) 
Mulholland and Watts (1982) 
Mulholland and Watts (1982) 
Mulholland and Watts (1982) 
Mulholland and Watts (1982) 








Clair et al. (1994)
Clair et al. (1994)
Lydersen and Henriksen(1994) 
Lydersen and Henriksen(1994) 
Kortelainen et al. (1997) 
Kortelainen et al. (1997) 
Kortelainen et al. (1997) 
Kortelainen et al. (1997) 
Kortelainen et al. (1997) 
Kortelainen et al. (1997) 
Kortelainen et al. (1997) 
Kortelainen et al. (1997) 
Kortelainen et al. (1997) 
Kortelainen et al. (1997) 
Kortelainen et al. (1997) 
Kortelainen et al. (1997) 
Mulholland and Watts (1982) 
Mulholland and Watts (1982) 
Mulholland and Watts (1982) 
Mulholland and Watts (1982) 
Mulholland and Watts (1982) 
Mulholland and Watts (1982) 
Moeller etal. (1979)
Grieve (1984)
Clair et al. (1994)
Clair et al. (1994)
Clair et al. (1994)
Clair etal. (1994)
Hope etal. (1997b)
Lydersen and Henriksen(1994) 
Reid (1979)
Reynolds (1986)
60.00 1.25 x 10s Clair etal. (1994)
123.50 3.89 x 104 Clair etal. (1994)
67.60 129 x IO3 Clair etal. (1994)
67.80 1.67 xlO4 Clair etal. (1994)
97.40 1.07 xlO3 Clair etal. (1994)
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Roseway River, Nova Scotia, Canada 123.00 4.95 x 104 Clair etal. (1994)
Mersey River, Nova Scotia, Canada 77.30 2.7 x 104 Clair etal. (1994)
Lepreau River, New Brunswick 48.50 2.39 xlO 4 Clair etal. (1994)
Point Wolfe River, New Brunswick 27.70 1.3 x 104 Clair etal. (1994)
Salmon River, New Brunswick 3420 1.05 x 105 Clair etal. (1994)
North Branch, Oromocto, New Brunswick 54.70 5.70 x IO4 Clair etal. (1994)
Storgama, Norway 38.00 60 Lydersen and Henriksen(1994)
BC1 Blue Chalk Dorset LTR, Ontario, Canada 9.90 20 Dillon and Molot 1997)
CB1 Chubb, Dorset LTR, Ontario, Canada 22.90 60 Dillon and Molot 1997)
CB2 Chubb, Dorset LTR, Ontario, Canada 6020 126 Dillon and Molot 1997)
CN1 Crosson Dorset LTR, Ontario, Canada 43.60 456 Dillon and Molot 1997)
DE10 Dickie, Dorset LTR, Ontario, Canada 65.70 79 Dillon and Molot 1997)
DEI 1 Dickie, Dorset LTR, Ontario, Canada 85.50 76 Dillon and Molot 1997)
DES Dickie Dorset LTR, Ontario, Canada 73.10 30 Dillon and Molot 1997)
DE6 Dickie Dorset LTR, Ontario, Canada 90.80 22 Dillon and Molot 1997)
DE8 Dickie Dorset LTR, Ontario, Canada 68.10 67 Dillon and Molot 1997)
HP3 Harp, Dorset LTR, Ontario, Canada 45.60 26 Dillon and Molot 1997)
HP3A Harp, Dorset LTR, Ontario, Canada 19.30 20 Dillon and Molot 1997)
HP4 Harp, Dorset LTR, Ontario, Canada 29.90 120 Dillon and Molot 1997)
HPS Harp, Dorset LTR, Ontario, Canada 55.80 191 Dillon and Molot 1997)
HP6 Harp, Dorset LTR, Ontario, Canada 32.80 10 Dillon and Molot 1997)
HP6A Harp, Dorset LTR, Ontario, Canada 32.70 15 Dillon and Molot 1997)
PCI Plastic, Dorset LTR, Ontario Canada 48.60 23 Dillon and Molot 1997)
RC1 Red Chalk,Dorset LTR, Ontario, Canada 19.00 134 Dillon and Molot 1997)
RC2 Red Chalk, Dorset LTR, Ontario, Canada 6220 27 Dillon and Molot 1997)
RC3 Red Chalk, Dorset LTR, Ontario, Canada 41.70 71 Dillon and Molot 1997)
RC4 Red Chalk, Dorset LTR, Ontario, Canada 34.70 46 Dillon and Molot 1997)
Merrimack River, Massachusetts 49.00 1.2 x 106 Mulholland and Watts (1982)
Saco River, Maine 54.50 3.36 x 105 Mulholland and Watts (1982)
Androscoggin River, Maine 55.00 8.83 x 10s Mulholland and Watts (1982)
Kennebec River, Maine 44.50 7.04 x 103 Mulholland and Watts (1982)
Penobscot River, Maine 54.50 1.73 x 106 Mulholland and Watts (1982)
Hubbard Brook (W7), New Hampshire 24.90 76 Campbell et al. (2000)
Hubbard Brook (W8), New Hampshire 44.65 59 Campbell et al. (2000)
Hubbard Brook (W9), New Hampshire 101.70 68 Campbell et al. (2000)
Cone Pond, New Hampshire 42.45 33 Campbell et al. (2000)
Sleepers River, Vermont 14.35 39 Campbell et al. (2000)
Lye Brook (W4), Vermont 25.00 163 Campbell et al. (2000)
Lye Brook (W6), Vermont 29.10 106 Campbell et al. (2000)
Lye Brook (W8), Vermont 65.40 130 Campbell et al. (2000)
Tropical Forests
Orinoco River, Venezuela 52.41 I x 10* Lewis and Saunders (1989)
W3 Mendalong, Sabah, Malaysia 35.20 18 Grip et al. (1994)
W6 Mendalong, Sabah, Malaysia 138.80 5 Grip etal. (1994)
Q. Sonadora, Puerto Rico 74.33 262 McDowell and Asbury (1994)
Q. Toronja, Puerto Rico 32.97 16 McDowell and Asbury (1994)
Rio Icacos, Puerto Rico 93.97 326 McDowell and Asbury (1994)
Lanyang His, Taiwan 41.00 82  x I04 Kao and Lui(1997)
Rio Sauce, Guatemala* 30.00 3 xlO4 Brinson (1976)
Rio Polochic, Guatemala* 46.00 5.25 x 105 Brinson (1976)
R  Beni, Bolivia 57.00 2.82 xlO 3 Guyot and Wasson (1994)
Vargem Grande, Brazil 48.00 no data Richey et al. (1990)
Rio 1(4, Brazil 56.00 no data Richey et al. (1990)
Rio Jutaf, Brazil 87.00 no data Richey et al. (1990)
Rio Jurud, Brazil 32.00 no data Richey et al. (1990)
Rio Japuri, Brazil 51.00 no data Richey et al. (1990)
Rio Purus, Brazil 48.00 no data Richey etal. (1990)
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Rio Negro, Brazil 120.00 no data Richey et al. (1990)
Caura River,Venezuela 96.80 4.75 x IO6 Lewis et al. (1987)
Boreal/Peat
Pahkaoja, S Finland 63.00 2.1 x 103 Kortelainen etal. (1997)
Huhtisuonoja, S Finland 42.00 500 Kortelainen et al. (1997)
Heinstonluoma, S Finland 86.00 1.6 x 103 Kortelainen et al. (1997)
Sydanmaanoja, SW Finland 74.00 380 Kortelainen et al. (1997)
Joutenpuro, NE Finland 66.00 350 Kortelainen et al. (1997)
Kirsioja, N Finland 59.00 2.3 x 103 Kortelainen et al. (1997)
Kotioja, N Finland 59.00 1.8 x 103 Kortelainen et al. (1997)
Ylijoki, N Finland 53.00 5.6 x 103 Kortelainen et al. (1997)
River Kiiminkijoki, Finland 69.40 3.6 x IO5 Heikkenen (1989)
Peatlands
Allt Darrarie, Scotland UK 101.70 1.3 xlO3 Hope etal. (1997b)
Vertailualue, S Finland 88.00 250 Kortelainen et al. (1997)
Krunioja, N Finland 63.00 1 x IO3 Kortelainen et al. (1997)
River Thurso, Scotland 87.60 4.13 x IO4 Hope etal. (1997a)
River Halladale, Scotland 103.40 2.05 x 104 Hope etal. (1997a)
River Dionard, Scotland 70.00 7.3 x IO3 Hope et al. (1997a)
Thoreau’s Bog, Massachusetts 84.00 0.38 McKnightet al. (1985)
Swamp Forests
Swamp Forest Louisiana 104.00 7.7 x IO4 Dayet al. (1977)
Sopchoppy River, Florida* 94.26 7.5 x 104 Malcolm and Durum (1976)
'Estimated from authors’ data.
Mean annual DOC flux and mean soil C:N ratio for each biome were used in 
regression analysis to derive a global empirical model. To validate this model, a 
technique known as the “leave one out” cross validation method (Efron and Tibshirani, 
1993) was used. One observation of mean biome DOC flux and soil C:N was left out. 
The regression model being tested was refitted and used to compute the predicted value 
of the DOC flux for the missing biome. This procedure was repeated for each biome in 
turn. The average difference between observed and predicted annual DOC flux was then 
calculated.
My ultimate goal was to predict annual riverine DOC flux at the local and 
regional scale as well as at the biome scale. I used the biome relationship to predict 
annual DOC flux in a number o f watersheds which have extensive data on soil C:N. To
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test the model at the watershed scale, annual riverine DOC flux was predicted for three 
watersheds not included in the construction of the model. Johnson and Lindberg (1992) 
reported a soil C:N ratio for a 13-year-old white pine watershed at the Coweeta 
Hydrologic Laboratory, South Carolina. The C:N ratio was inserted into the model 
equation to predict DOC flux. The predicted flux was compared to data reported by Tate 
and Meyer (1983). Mean watershed soil C:N was calculated for a moorland site with 
some commercial conifer plantation at Glenbuchat in northeast Scotland using data from 
Heslop and Brown (1969) and used to predict DOC flux. The predicted DOC flux was 
compared to the observed flux reported for the same site by Creasey (1984). Finally, the 
C:N model equation was used to predict DOC flux for an undisturbed native evergreen 
forest watershed (M6 ) in Maimai, South Island, New Zealand. McKie (1978) 
characterized the soil C and N content for a similar, adjacent watershed (MS).
Watershed mean soil C:N was calculated and used in the C:N model equation. The flux 
predicted for MS was compared to that reported by Moore (1989) for the adjacent M6  
watershed.
6.2.2 Soil Solution DOC Concentrations and Soil C:N Ratios
A wide range of data is available to assess the relationship between DOC in soil 
solution in the field and soil C:N ratio. Mean DOC concentrations from the organic 
horizons of nine coniferous forests were obtained from the published literature; in each 
case, soil solution was obtained using a zero tension lysimeter. Forests were single 
coniferous species or mixed conifers at sites located in Europe and the Unites States. To 
quantify the relationship between soil solution DOC concentration and soil C:N ratio, I 
used either total soil carbon and nitrogen content, C:N ratio reported along with DOC
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concentrations, or a recently published soil C:N ratio for the site. Regression analysis 
was used to quantify the relationship between soil solution DOC concentration and soil 
C:N ratio.
6.2.3 Estimate o f Annual Dissolved Organic Carbon Flux From Terrestrial Ecosystems
to the Ocean.
I made two approximations o f global DOC export to the oceans that would 
provide appropriate comparisons with previously published values. For the first estimate,
I used the climatic zones described by Meybeck (1981). These were tundra, taiga, 
temperate, tropical, and semiarid/desert, with areas of 7.55, 15.85,22.0, 37.3, and 17.2 x 
10s ha, respectively. For each climatic zone I calculated soil C:N ratios using the soil 
C:N database previously described in section 2 .1 .1 calculated the mean annual DOC flux 
for each of Meybeck’s (1981) climatic zones using a mean soil C:N ratio for each zone 
and inserting it into the model equation. This gave us a value o f  kg ha' 1 yr' 1 for each 
climatic zone, which I then multiplied by the land area and summed to estimate total 
global carbon flux from terrestrial ecosystems to the oceans. For the second estimate, I 
used the ecosystems and land use areas described by Schlesinger and Melack (1981). 
These were tropical forest, temperate forest, boreal forest, woodland and shrubland, 
tropical grassland, temperate grassland, tundra, semidesert, cultivated, and swamp with 
areas of 2 4 .5 ,1 2 ,12 ,8 .5 ,15 ,9 ,8 ,8 ,14  and 2 x 10® ha, respectively. I assigned a C:N 
ratio from the soil C:N database to each ecosystem and inserted it into the model equation 
to calculate annual areal values o f DOC flux. These values were then multiplied by the 
land area o f each ecosystem type and summed to estimate total global carbon export.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6.3 Results
6.3.1 Mean Soil C:N Ratios and Mean Annual Riverine DOC Flux bv Biome
The range o f annual riverine DOC flux was large within some biomes (Figure
6.1). For example, tropical forests had the largest range o f DOC flux, from 30 to 139 kg 
ha*1 yr'1. The lowest reported annual riverine DOC flux was 1 kg ha' 1 yr*1 from the 
Colorado and Rio Grande Rivers in Texas and the Colorado River in California draining 
watersheds of predominantly grasslands and agriculture. The highest, 138.8 kg ha 'l yr'1, 
was from watershed 6  on the Mendalong in Malaysia draining a tropical forest (Table
6.1). The range of soil C:N ratios within each biome was also fairly large in some cases 
(Figure 6.1). For example, soil C:N ratios in tropical forests ranged between 11.5 and 
53.05 (n = 44) and swamp forests from 14 to 61 (n = 12). In some biomes the range was 
much smaller; soil C:N ratios in cool grasslands ranged between 7.5 and 20.8 (n = 127) 
and taiga between 5.5 and 25.8 (n = 61).
There was a very strong relationship between mean soil C:N ratio and mean 
annual riverine DOC flux for biomes of the world (R2 = 0.992; p < 0.0001). The model 
successfully predicted annual DOC flux for all the biomes during model validation (Table
6.2) and model testing at the smaller, watershed scale (Table 6.3). The predicted annual 
riverine DOC flux for each biome using the take one out cross validation approach was 
within 63.5% of the actual value with the greatest error in prediction occurring at the 
lower end of watershed soil C:N ratios (Table 6.2).
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Figure 6.1. The relationship between mean (± SE) annual riverine DOC flux and mean (± SE) soil C:N for the 15 biome types 
used in the model construction. (CGR, cool grasslands; TS, tropical savanna; TG A, taiga; SS, Siberian steppe; WDC, warm 
deciduous forests; WMF, warm mixed forests; CDC, cool deciduous forests; WCN, warm conifer forests; CCN, cool conifer 
forests; NMF, northern mixed forests; HM, heath moorland; TRP, tropical forests; P/B, peat/boreal mix; PEAT, peatland; 
SWP, swamp forests). The regression is based upon the average soil C:N and average DOC export for each of the 15 biomes.
Testing the predictive ability o f the C:N model at the smaller, watershed scale, where soil 
C:N for individual watersheds was available, proved to be very successful (Table 6.3).
In each case, predicted DOC flux was within 4.5% of the observed riverine DOC flux. 
The average percent difference between predicted and observed values was -3.7% for the 
validation and -3.6% for the test watersheds.
6.3.2. C:N Ratios and DOC Concentrations in Organic Horizons Sampled bv Lvsimeters
A strong relationship was observed between soil solution DOC concentration and 
soil C:N across the nine coniferous sites (Figure 6.2). Soil C:N ratios ranged from 11 to 
55. Soil solution DOC concentrations ranged from 23.9 in a Douglas fir forest in the 
Beaujolais Mountains o f France to 105.0 mg L' 1 in a red spruce forest in Howland,
Maine. Ninety-four percent of the variance in soil solution DOC concentration was 
explained by soil C:N ratios (p < 0.001).
6.3.3. Estimate o f Global Annual Riverine DOC flux
My first approximation o f flux o f riverine DOC to the oceans is 3.61 x I0 14g yr' 1 
(Table 6.4). The highest flux was from tropical climatic zones (2.26 x I0,4g yr'1), which 
represent 37.3% of the total land area described by Meybeck (1981). The lowest flux, 
from the taiga climatic zone, was 0.10 x I0l4g yr*1. This climatic area covers 15.9% of 
the total land area (Table 6.4) considered in my analysis. My second estimate o f  riverine 
DOC export, using ecosystem complexes described by Schlesinger and Melack (1981), 
was 3.63 x 10,4g yr'1. The highest flux was from tropical forests (1.48 10I4g yr'1) which 
represents 21.7% of the land area described by Schlesinger and Melack (1981). The 
lowest flux in my second estimate was from desert and scrub ecosystems (0.05 x 1 0 l4g yr' 
‘) representing 7% of the total land area (Table 6.4).
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Table 6.2. Observed and Predicted Annual Riverine DOC Flux Using the “Leave One Out Cross Validation** 
Method for Each Biome
Biome Soil C:N Observed 
DOC Flux, 






Observed and Predicted 
DOC Flux
Cool Grasslands 13.53 3.86 5.13 +32.9
Tropical Savannah 13.56 10.90 3.98 -63.5
Taiga 13.79 7.00 6.05 -13.6
Siberian Steppe 14.74 12.90 10.50 -18.6
Warm Deciduous Forests 15.34 14.10 13.68 -3.0
Warm Mixed Woodlands 16.69 17.14 20.62 +20.3
Cool Deciduous Forests 17.10 19.27 22.58 +17.2
Warm Conifer Forests 20.97 36.84 41.42 +12.4
Cool Conifer Forests 21.03 42.26 42.75 -1.2
Northern Mixed Forests 23.24 52.60 52.11 -0.9
Heath/Moorlands 24.64 56.50 59.23 +4.8
Tropical Forests 24.% 63.36 60.19 -5.0
Boreal/Peat mix 25.73 63.49 64.36 + 1.4
Peatlands 30.05 85.67 85.15 -0.6



























Warm Conifer 14.3 13.8 -3.2 USA 15.4 Johnson and Lindberg (1992) Tate and Meyer (1983)
Heath/Moorland 24.9 24.1 -3.3 UK 17.5 Heslop and Brown (1969) Creasey (1984)













1.5908X + 13 .342  
R2 = 0 .94 Howland ,  Maine USA100  -
o»
£  80 .
O
2  60 -
Hogwald ,  Bavar ia  g  
A d i ro n d a c k s ,  USA mm<
Howland ,  Maine USA
co93 Harvard LTER, USA40 .om
B eau jo la i s  Mtns,  F ran c eo
« 0 20 .
0 10 20 30 40 50 60
O rgan ic  Soil C:N Ratio
Figure 6.2. The relationship between DOC concentration in soil solution collected with zero tension lysimeters and soil C:N. 
Data from Kreutzer (1995), McDowell et al. (1998), Marques and Ranger (1997), Christ and David (1994), David and Driscoll 













Tabic 6.4. Comparison of Dissolved Organic Carbon Flux From Terrestrial Ecosystems to the Oceans Estimated by Mcybcck 













Schlesineer and Melack ( 1981) 
Area Export Flux 




Taiga 6.2 15.90 24.9 0.40 0.10 - - - -
Tundra 26.4 7.55 6.0 0.04 0.20 8.0 10.0 0.08 0.21
Temperate 42.7 22.00 42.3 0.93 0.94 12.0 40.0 0.48 0.51
Wet Tropical 60.S 37.30 64.6 2.41 2.26 24.5 50.0 1.23 1.48
Semi arid/Desert 6.7 17.20 2.7 0.05 0.11 8.0 5.0 0.04 0.05
Boreal 64.3 - - - - 12.0 50.0 0.60 0.77
Wood and Shrub 26.7 - - - - 8.5 40.0 0.34 0.23
Tropical Grass 5.1 - - - - 15.0 10.0 0.15 0.08
Temperate Grass 4.9 - - - - 9.0 10.0 0.09 0.04
Cultivated 5.3 - - - - 14.0 50.0 0.70 0.07
Swamp/Marsh 96.7 - - - - 2.0 200.0 0.40 0.19
Total - 99.95 - 3.83 3.61 113.0 - 4.11 3.63
Rest of Earth 29.05 1.20 16.0 0.55
.6.4. Discussion
Detailed studies in small watersheds have shown that the rates o f DOC production 
in organic soils, the rates o f DOC adsorption in mineral soils, and the flow path o f water 
through different soil horizons to the stream, can all influence streamwater DOC 
concentration and flux (e.g., McDowell and Wood, 1984; Cronan and Aiken, 1985; 
Guggenberger and Zech, 1993). At a larger scale, riverine export of carbon has been 
modeled using physiographical attributes o f a watershed such as river discharge, 
precipitation, basin size, and slope (Rasmussen, et al. 1989; Eckhardt and Moore, 1990; 
Esser and Kohlmeier, 1991; Clair et al. 1994; Clair and Ehrman 1996). The amount o f 
variance explained by these models is 40-50%, much lower than the variance explained 
by my C:N model o f DOC flux. Clair et al. (1994), building on the work of Rasmussen 
et al. (1989) and Eckhardt and Moore (1990), hypothesized that basin topography was 
important in controlling total organic carbon (TOC) flux. They reasoned that the flatter 
the basin, the more likely the occurrence o f wetlands and thus the greater amount o f TOC 
produced and exported. Using multiple regression analysis with basin area, slope, and 
precipitation as the independent variables, they were able to explain 54% of the variance 
in riverine TOC export among 26 watersheds in Canada. More recently, Clair and 
Ehrman (1996) utilized a neural network approach to model TOC flux from 15 river 
basins in Canada. They used basin area and slope as the major network variables to 
predict regional TOC export. Basin area does not appear to be a major controller o f  DOC 
flux in the data set used to generate my C:N model. Watershed areas for the cool conifer 
biome alone range from 41 to 9.25 x 106 ha, suggesting that basin area, slope and 
precipitation are parameters indirectly related to the true dependent variable.
133
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
None o f the current empirical models describing annual riverine DOC flux 
address adsorption and desorption o f DOC in the mineral soil. One o f the most 
perplexing observations from my analysis is that despite the fact that most DOC is 
retained in mineral soil in various biomes (e.g. McDowell and Wood, 1984; Kennedy et 
al. 1996; McDowell, 1998) I still observed a strong relationship between annual riverine 
DOC flux and watershed soil C:N. This could be due to the fact that mean soil C:N was 
calculated for a solum depth o f lm and would thus take into account the chemistry of 
both the organic and mineral soil horizons. Or it could be due to an as yet unknown 
interaction between soil C:N and the retention o f DOC in the mineral horizons, such as an 
effect o f C:N ratio upon the DOC retention capacity of the soil.
It is not easy to speculate upon the mechanisms responsible for the relationship 
between DOC flux and soil C:N and indeed which of the two is the independent variable. 
This is due to the complex interactions between vegetation, microbes, and climate that 
drive terrestrial C and N dynamics (Reich et al. 1997). Perhaps the quality or 
bioavailability of DOC entering the forest floor dictates the rate o f decomposition of soil 
organic matter and hence both DOC production and soil C:N ratio. It is also possible that 
soil C:N simply reflects the amount o f refractory soil organic matter in the soil profile, 
and that this is determined by vegetation type. Biomes with a higher soil C:N ratio 
typically contain vegetation with a greater proportion of refractory carbon (Finzi et al. 
1998). This refractory carbon might enhance the net microbial production of DOC (due 
to lower microbial uptake) and thus provide a larger DOC pool available for fluvial 
export. Finally, C:N ratio may reflect the cumulative impact o f  climate and age of soil 
carbon on the availability o f DOC for export. Soil C:N may be a proxy for the climatic
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variables temperature and precipitation, each of which controls both the production and 
flux o f DOC via biotic and hydrologic pathways.
Empirical models that predict riverine DOC flux using catchment variables such 
as carbon content or basin area and slope appear to rely on a simple, abiotic leaching 
rather than a biotic production o f DOC. Using an empirical model which I term the 
carbon model, Hope et al. (1997a) found that 91% of the variance in British riverine 
DOC flux is explained by mean soil carbon content o f the watershed. There are several 
problems inherent in the widespread use of soil carbon content as a predictor o f  DOC 
flux. Globally, regional data on the standing stock of soil carbon are far from complete. 
Carbon pools are more difficult to measure than soil C:N or other soil attributes because 
differences in bulk density with depth and difficulties in accounting for the volume of 
rocks in a soil profile make a quantitative estimate of standing stocks problematic. 
Estimated carbon content also may vary dramatically within a watershed depending upon 
the grid scale used. For example, the British database (Howard et al. 1995; Milne and 
Brown, 1997) uses the dominant soil series for every 1 x 1 km grid. This is likely to 
cause problems at the smaller watershed scale (Aitkenhead et al. 1999). If a grid square 
contains 52% humic iron spodosol and 48% histosol, then the carbon density o f the 
humic iron spodosol is used to characterize that grid square. Humic iron spodosols have 
a carbon density of 38.6 kt C km'2, whereas histosols have a carbon density o f 173.2 kt C 
km' 2 (Milne and Brown, 1997). Carbon storage and subsequently annual riverine DOC 
flux in a watershed of < 1 km2 could therefore be underestimated by 67 kt C km ' 2 and 
23.7 kg ha' 1 yr' 1 (87%), respectively. It is probable that soil C:N ratios will show less 
heterogeneity within a grid square resulting in less likelihood of any large under-
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prediction or over-prediction o f riverine DOC flux. For example, the mean soil C:N 
ratio is 30.0 for peatland (histosols) and 24.6 for moorland humic iron spodosols. Thus a 
change in classification between these two soil types for a grid square would only change 
DOC flux by 22%, compared to the 87% potential error in DOC flux using soil carbon 
content.
Changes in carbon storage are notoriously difficult to quantify over a short time 
interval. For example, after clear cutting watershed 5 at Hubbard Brook Experimental 
Forest, Johnson et al. (1995) found that the mean carbon content o f the whole solum did 
not show a significant change in the 8  years after logging, although significant losses did 
occur in the Oa horizon, and the solution chemistry changed dramatically. Change in soil 
C:N may occur more readily, but data are limited. Zarin et al. (1999) found soil C:N 
varied from 6.4 to 10.8 in tidal flood plains o f the Amazon over 1.5 years. Data in 
Heslop and Brown (1969) suggest that soil C:N ratio increased from 9.8 to 17.0 over a 6 - 
year period during which grassland was converted to a larch forest plantation.
Previous work has shown that DOC flux is related to a number o f physical, 
chemical, and biological variables. Other authors have shown that high runoff leads to 
high DOC flux (e.g. Mulholland and Watts, 1982; Eckhardt and Moore, 1990;
McDowell and Asbury, 1994). A high percentage of wetlands in a watershed can also 
lead to high DOC flux (e.g. Mulholland and Kuenzler, 1979), and coniferous forests tend 
to have higher DOC flux than deciduous forests (see Hope et al. 1994). I do not suggest 
that these relationships are invalid but rather that watershed soil C:N is an effective 
integrator that incorporates the effects of all the other important variables and is thus the 
best predictor o f  DOC flux. The relationship between soil solution DOC concentration
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and soil C:N ratio (Figure 2) suggests that riverine DOC (lux may be much more 
intimately linked to biotically driven soil organic matter dynamics than previously 
suspected.
6.4.1. Model Validations
The linear relationship found between annual riverine DOC flux and soil C:N is 
an improvement on other empirical models in the amount o f  variance in DOC flux 
explained (Clair et al. 1994; Clair and Ehrman; 1996; Hope et al. 1997a). In a predictive 
capacity, neither the basin and slope nor the carbon content model appear to have been 
tested using data that were not incorporated in the model construction. To validate their 
model, Hope et al. (1997a) used the “leave one out cross validation” method (Efron and 
Tibshirani, 1993) to predict flux for each watershed in the model. The model 
overestimated and underestimated DOC flux by as much as 75 and 46%, respectively, for 
their individual watersheds using this cross validation technique. Clair and Ehrman 
(1996) consistently under-predicted DOC flux with their neural network model by an 
average 8 %. The C:N model presented here was fairly successful in its prediction o f 
annual DOC flux using the “leave one out cross validation” technique, the greater errors 
occurring at low soil C:N. Prediction o f DOC flux from test watersheds was very 
successful. While my model under-predicted annual DOC flux in each test watershed, 
the predicted DOC fluxes were within 4.5% o f the observed fluxes.
6.4.2. Comparison o f Estimated Global DOC Flux
My first approximation of global dissolved organic carbon flux to the oceans of 
3.61 x 10l4g yr*1 was similar to the value o f 3.83 x 1014 g y r 1 estimated by Meybeck 
(1981). My second approximation o f 3.63 x 1014g y r 1 was lower than the global carbon
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flux estimate o f 4.1 x 1014 g yr' 1 reported by Schlesinger and Melack (1981). Meybeck 
(1981) based his estimate on flux data from 1 0 0  rivers subdivided into five climatic zones 
covering a global land area o f 1 x 10i0  ha. Schlesinger and Melack (1981) report two 
approximations of DOC export. The first was from a regression o f total organic carbon 
load as a function o f annual discharge using 12 major world rivers. The second was 
based on flux data from 58 rivers subdivided into 10 ecosystems covering a global land 
area of 1.13 x 1010 ha. Other global organic carbon flux estimates in the published 
literature range from 0.4 to 10 x 1014 g yr' 1 (Garrels and MacKenzie, 1971; Skopintsev, 
1971; Garrels et al. 1975; Duce and Duursma, 1977; Richey et al. 1981; Mulholland and 
Watts, 1982). Most of these estimates are based on average DOC concentration 
multiplied by annual discharge.
While the total global exports are similar, closer inspection o f the annual DOC 
flux per hectare for some of the climatic or ecosystem zones indicates large differences 
among the different papers describing global DOC flux (Table 6.4). For example, 
Meybeck (1981) assigned per hectare fluxes that were similar to my own with the 
exception o f taiga and tundra. His average flux for taiga was 24.9 kg ha’ 1 yr' 1 based on 
57 rivers with exports ranging from 10 to 40 kg ha*1 yr*1 while my flux for taiga was only 
6.2 kg ha' 1 yr' 1 based on a mean soil C:N ratio o f 13.79 (n = 61). My taiga biome 
contains six rivers with exports ranging from 5 to 12 kg ha*1 yr' 1 (Table 1). Schlesinger 
and Melack (1981) assigned a unit flux o f 50 kg ha' 1 yr' 1 for cultivated, tropical, and 
boreal watersheds. While I feel that the flux values they assigned for tropical and boreal 
ecosystems are realistic, the value assigned for cultivated ecosystems seems
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exceptionally high. The high value for cultivated ecosystems includes both particulate 
and dissolved forms o f carbon (Schlesinger, pers. comm.).
My estimates o f global carbon flux from terrestrial ecosystems to the oceans only 
include carbon losses from the S climatic zones considered by Meybeck (1981) and the 
10 ecosystems considered by Schlesinger and Melack (1981). They represent 78% 
(Meybeck, 1981) and 8 8 % (Schlesinger and Melack, 1981) of the total land area of the 
Earth, excluding ice. If I expand my estimate to all the land surfaces o f the Earth, my 
value of global DOC flux is increased by 1.2 x 1014 and 0.55 x 1014 g, respectively (Table 
4). This relates to an underestimation o f temperate biomes by Meybeck (1981) and an 
underestimation of boreal, temperate and tropical biomes by Schlesinger and Melack 
(1981).
6.4.3. Limitations and Implications
My results to date suggest that annual riverine DOC flux from biomes is 
predictable using biome soil characteristics and that this same relationship can be used to 
predict DOC flux for individual watersheds. I do not know to what extent the 
relationship holds true within a biome or to what extent it is capable of dealing with the 
impacts o f agricultural conversion, deforestation, forest wildfires, increased nitrogen 
deposition, and enhanced atmospheric CO2 on DOC flux. Research on the time-scale 
involved for measurable changes in soil C:N ratio under land use change and other 
anthropogenic influences would enhance the C:N model’s predictive ability. I also 
believe that the linear regression presented here is the midsection o f a second-order 
polynomial function. My model actually predicts DOC values less than zero at C:N ratios 
< 12.46. Further field samples o f DOC flux will be needed to establish the shape o f this
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relationship for environments such as agriculture, croplands, and dry tropical forests with 
lower soil C:N.
My ultimate goal is to quantify the sensitivity of DOC flux to changes in global 
climate and biogeochemistry. This will be possible to the extent that climate change can 
be linked to changes in soil organic matter dynamics. For example, Houghton et al. 
(1998) suggest that global warming will decrease soil C:N, which they attribute to loss o f 
carbon through CO2 evolution with no equivalent loss o f mineralized nitrogen. Changing 
N deposition could also result in decreased C:N ratio in soils. Aber (1992) proposes that 
increased plant uptake of nitrogen, with increased N deposition, will result in higher N 
concentrations in foliage, the outcome of which will be plant litter with a lower C:N ratio 
and hence a lower C:N ratio in the forest floor. If such reductions in soil C:N do occur, 
my model predicts a decline in DOC flux. For example, a decrease of one C:N unit could 
decrease annual riverine DOC flux by 4.9 kg ha’ 1 yr’ 1 (Figure 1). Decreases in soil C:N 
could lead to significant declines in the DOC flux from those watersheds with lower 
initial mean soil C:N such as grasslands, savanna, taiga, and deciduous forests.
1
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APPENDIX I b: Soil Chemistry Data from Tension Lysimeters of the DIRT plot study in 1997
Treat: Treatment C = Control; OX -  Zero litter input; 2X -  Twice litter input; T -  Zero root input; TOX = Zero root and 
litter input; OA = Oa horizon removed. Block: 1 = Top slope; 2 = Mid slope; 3 = Bottom slope. All values are mg I'1
Plot date Treat block Weight (g) DOC Cl SO4-S PO4-P TDN NOj-N NH4-N DON
2 08-May OX 3 22.5 4.24 ns ns 0.13 0.84 ns 0.05 ns
3 08-May 2X 3 13.5 6.12 ns 0.07 ns ns 10.08 ns ns
8 08-May T 3 15.1 5.24 ns 0.46 ns ns 6.72 ns ns
17 08-May TOX 2 613.5 3.86 6.26 1.81 0.01 0.25 0.05 0.02 0.18
18 08-May C 3 32.3 8.30 ns 0.56 0.09 ns 6.23 0.10 ns
21 08-May OA 1 121.2 4.85 85.60 0.78 0.07 0.91 0.58 0.05 0.28
21 11-May OA 1 50.4 6.59 56.89 0.96 0.04 1.65 0.06 0.07 1.52
6 20-May C 2 32.7 6.20 2.41 2.18 0.01 0.40 0.03 0.06 0.31
8 20-May T 3 161.1 1.51 14.69 2.65 0.01 0.29 0.09 0.03 0.17
9 20-May OX 1 124.7 1.42 2.49 2.67 0.00 0.21 0.02 0.02 0.17
11 20-May T 2 134.2 5.42 1.48 2.53 0.00 0.99 0.03 0.02 0.94
12 20-May 2X 1 101.8 1.39 1.83 2.06 0.00 0.30 0.03 0.02 0.26
13 20-May T 1 150.7 1.33 8.44 3.19 0.00 0.12 0.04 0.00 0.07
14 20-May C 1 116.5 1.23 1.72 2.72 0.00 0.17 0.02 0.02 0.13
17 20-May TOX 2 60.0 3.65 5.62 2.00 0.01 0.58 0.04 0.11 0.43
18 20-May C 3 129.7 2.06 1.68 2.23 0.01 0.28 0.02 0.03 0.23
2 26-May OX 3 128.7 2.51 1.26 2.19 ns 0.16 0.06 ns ns
4 26-May TOX 3 69.9 1.98 1.68 0.47 0.01 0.18 0.05 0.01 0.12
6 26-May C 2 135.1 0.91 2.09 2.37 0.00 0.14 0.05 0.02 0.07
8 26-May T 3 129.9 0.31 1.34 2.51 0.00 0.10 0.09 0.00 0.01
9 26-May OX 1 101.8 0.89 1.17 2.52 0.01 0.06 0.03 0.01 0.02
10 26-May OX 2 129.0 1.47 2.65 2.12 0.00 0.13 0.16 0.01 -0.03
11 26-May T 2 202.4 0.60 1.74 2.41 0.00 0.12 0.04 0.01 0.07
13 26-May T 1 99.6 1.48 2.53 2.95 0.00 0.17 0.04 0.01 0.12
14 26-May C 1 279.7 0.52 1.37 2.76 0.00 0.06 0.04 0.00 0.02
18 26-May C 3 135.9 0.68 1.30 2.10 0.00 0.09 0.04 0.01 0.04
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Appendix I c. Total bacterial and fungal biomass for each treatment and control (Nadelhoffer et al. in preparation)
Treatment Bacterial Biomass Fungal Biomass Fungi:Bacteria Ratio
Normal Litter input 5.7 2755 459
2 times Litter input 13.2 4524 348
Zero leaf litter input 1 2 .1 1481 123
Root Exclusion 7.0 2864 409
Root and Leaf Litter exclusion 10.4 1747 174












Appendix II a Soil chemistry of columns incubated at 2S°C. For sample No. 01 = soil number, 20 = 25° C and 01 -  replicate
ID No. Sample Replicate Date C 0 2-C DOC TDN NH4-N
(pg/g)
NO3-N DIN DON pH DOC: DON
24158 0 1 2 0 0 1 1 07/12/99 24.84 86.77 23.11 0.48 21.31 21.79 1.32 7.75 65.74
24199 0 1 2 0 0 1 1 07/16/99 11.58 88.74 17.74 0.07 15.13 15.20 2.54 7.40 34.94
24126 0 1 2 0 0 1 1 07/19/99 1 1 . 2 2 77.73 11.70 0 . 1 0 8.73 8.83 2.87 7.29 27.08
24241 0 1 2 0 0 1 1 07/23/99 7.08 6 6 . 0 1 9.04 0.62 6.15 6.77 2.27 7.65 29.09
25635 0 1 2 0 0 1 1 07/26/99 9.54 74.55 7.32 1.05 2 . 2 0 3.25 4.07 5.10 18.32
23995 0 1 2 0 0 1 1 07/30/99 11.43 67.53 11.58 0.09 9.28 9.37 2 . 2 1 9.70 30.55
24037 0 1 2 0 0 1 1 08/02/99 16.62 65.00 1 1 . 8 6 0 . 1 0 9.24 9.34 2.52 7.46 25.79
25657 0 1 2 0 0 1 1 08/06/99 15.05 45.22 11.52 0.30 9.43 9.73 1.79 7.53 25.26
24159 0 1 2 0 0 2 2 07/12/99 27.84 115.82 2 0 . 1 1 0 . 2 2 15.41 15.63 4.48 7.05 25.85
0 1 2 0 0 2 2 07/16/99 8.58 105.23 12.75 0.09 9.41 9.50 3.25 7.65 32.38
24136 0 1 2 0 0 2 2 07/19/99 1 1 . 2 2 81.42 10.53 0 . 1 2 6.27 6.39 4.14 6.47 19.67
24242 0 1 2 0 0 2 2 07/23/99 10.38 71.29 10.30 0 . 2 2 7.39 7.61 2.69 8.90 26.50
25636 0 1 2 0 0 2 2 07/26/99 7.14 74.30 7.29 1.50 1 . 8 6 3.36 3.93 4.99 18.91
23996 0 1 2 0 0 2 2 07/30/99 12.63 53.69 11.75 0.25 8.73 8.98 2.77 8.50 19.38
24038 0 1 2 0 0 2 2 08/02/99 16.62 47.56 12.15 0.89 9.12 1 0 . 0 1 2.14 7.42 2 2 . 2 2
25658 0 1 2 0 0 2 2 08/06/99 17.45 40.24 12.64 0.04 12.17 1 2 . 2 1 0.43 8.44 93.57
24160 012003 3 07/12/99 23.34 125.80 26.88 0.13 18.80 18.93 7.95 8.45 15.82
24201 012003 3 07/16/99 9.18 107.55 12.48 0.13 8.27 8.40 4.08 8 . 1 0 26.36
24130 012003 3 07/19/99 13.02 83.45 10.40 0 . 1 2 5.96 6.08 4.32 6.36 19.32
24243 012003 3 07/23/99 10.08 73.38 9.03 0.16 6 . 1 2 6.28 2,75 9.40 26.71













ID No. Sample Replicate Date CO2-C DOC
23997 012003 3 07/30/99 13.23 56.91
24039 012003 3 08/02/99 15.72 48.53
25659 012003 3 08/06/99 15.65 40.53
24161 0 2 2 0 0 1 1 07/12/99 24.24 6.37
24202 0 2 2 0 0 1 1 07/16/99 2 . 8 8 5.39
24132 0 2 2 0 0 1 1 07/19/99 4.02 3.55
24244 0 2 2 0 0 1 1 07/23/99 2.28 3.66
25638 0 2 2 0 0 1 1 07/26/99 1.44 3.55
23998 0 2 2 0 0 1 1 07/30/99 2.42 2.36
24040 0 2 2 0 0 1 1 08/02/99 5.52 3.21
25660 0 2 2 0 0 1 1 08/06/99 2.75 3.78
24162 0 2 2 0 0 2 2 07/12/99 20.94 5.91
24203 0 2 2 0 0 2 2 07/16/99 3.18 3.57
24124 0 2 2 0 0 2 2 07/19/99 3.12 2.28
24245 0 2 2 0 0 2 2 07/23/99 1.98 2.69
25639 0 2 2 0 0 2 2 07/26/99 0.84 1.77
23999 0 2 2 0 0 2 2 07/30/99 2.72 1.31
24041 0 2 2 0 0 2 2 08/02/99 5.82 3.47
25661 0 2 2 0 0 2 2 08/06/99 3.65 2.91
24163 022003 3 07/12/99 13.14 7.46
24204 022003 3 07/16/99 3.18 4.63
24134 022003 3 07/19/99 3.12 1.83
24246 022003 3 07/23/99 2.58 1.73
25640 022003 3 07/26/99 0.24 1.07
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ID No. Sample Replicate Date C 02-C DOC TDN NH4-NNO 3-N DIN DON PH DOC:DON
24003 032003 3 07/30/99 5.13 125.75 13.58 0.74 6.03 6.77 6.81 8.70 18.47
24045 032003 3 08/02/99 8 . 2 2 104.36 11.64 1.54 8.56 1 0 . 1 0 1.54 67.77
25665 032003 3 08/06/99 4.85 97.07 1 0 . 0 0 0.24 6.33 6.57 3.43 28.30
24167 042001 1 07/12/99 16.74 29.50 6 . 0 2 4.34 0.59 4.93 1.09 5.80 27.06
24208 042001 1 07/16/99 3.48 25.74 5.09 4.19 0.29 4.48 0.61 5.55 42.20
24131 042001 1 07/19/99 6.72 30.90 3.90 3.17 0.49 3.66 0.24 4.53 128.75
24250 042001 1 07/23/99 2 . 8 8 39.54 6.34 4.72 0.37 5.09 1.25 5.90 31.63
25644 042001 1 07/26/99 4.74 36.40 6.35 4.36 0.09 4.45 1.90 4.40 19.16
24004 042001 1 07/30/99 3.92 44.29 6.59 4.27 0.31 4.58 2 . 0 1 4.40 22.04
24046 042001 1 08/02/99 9.12 44.65 7.70 5.23 0.26 5.49 2 . 2 1 4.46 20.16
25666 042001 1 08/06/99 5.45 43.10 6.27 4.87 0.35 5.22 1.05 4.49 41.05
24168 042002 2 07/12/99 17.64 47.34 14.17 1 2 . 0 2 0.69 12.71 1.46 4.40 32.42
24209 042002 2 07/16/99 7.68 88.44 13.43 11.15 0.36 11.51 1.92 4.75 46.06
24135 042002 2 07/19/99 9.42 123.02 18.78 9.26 0.34 9.60 9.18 4.48 13.40
24251 042002 2 07/23/99 6.18 106.81 11.15 6.93 0.59 7.52 3.63 4.70 29.41
25645 042002 2 07/26/99 5.94 106.79 6.43 3.63 0.09 3.72 2.71 4.40 39.41
24005 042002 2 07/30/99 8.42 97.84 10.43 7.00 0.26 7.26 3.17 4.10 30.86
24047 042002 2 08/02/99 10.32 92.20 12.52 7.73 0.41 8.14 4.38 4.51 21.05
25667 042002 2 08/06/99 9.65 85.23 9.81 7.28 0.60 7.88 1.93 4.57 44.16
24169 042003 3 07/12/99 16.44 34.79 5.82 4.57 0.27 4.84 0.98 3.50 35.50
24210 042003 3 07/16/99 9.18 30.89 4.44 3.33 0 . 2 2 3.55 0.89 6.15 34.85
24133 042003 3 07/19/99 4.32 38.83 5.92 4.34 0.31 4.65 1.27 4.47 30.57
24252 042003 3 07/23/99 4.98 43.03 1 1 . 0 0 1.81 0.15 1.96 9.04 5.85 4.76
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ID No. Sample Replicate Date C 0 2-C DOC TDN NH4-N NO3-N DIN DON PH DOC:DON
24009 052003 3 07/30/99 5.72 1 0 . 1 2 2.43 0.56 1 . 6 8 2.24 0.19 4.93 53.25
24051 052003 3 08/02/99 8.52 15.23 6.99 2 . 2 0 1.79 3.99 3.00 4.97 5.08
25671 052003 3 08/06/99 10.85 12.34 4.41 2.19 2 . 0 0 4.19 0 . 2 2 5.04 56.09
24173 062001 1 07/12/99 14.34 39.07 5.51 4.31 0.55 4.86 0.65 6 . 2 0 60.11
24214 062001 1 07/16/99 8.28 45.56 7.19 5.54 0 . 8 6 6.40 0.79 4.80 57.68
24122 062001 1 07/19/99 10.32 71.38 9.83 5.71 1 .1 1 6.82 3.01 4.66 23.71
24256 062001 1 07/23/99 5.88 80.34 10.94 6.49 1.28 7.77 3.17 4.70 25.34
25650 062001 1 07/26/99 7.14 82.24 7.56 4.25 0.35 4.60 2.96 4.49 27.79
24010 062001 1 07/30/99 7.82 97.83 12.18 6.62 1.60 8 . 2 2 3.96 4.90 24.70
24052 062001 1 08/02/99 10.92 97.19 14.52 6.75 1.62 8.37 6.15 4.91 15.80
25672 062001 1 08/06/99 10.55 97.03 11.62 7.80 2 . 1 0 9.90 1.72 5.07 56.41
24174 062002 2 07/12/99 14.64 78.36 10.74 7.87 1.03 8.90 1.84 4.50 42.59
24215 062002 2 07/16/99 7.38 83.61 10.40 7.17 1.31 8.48 1.92 4.85 43.55
24117 062002 2 07/19/99 8 . 2 2 120.28 14.26 8.34 1.52 9.86 4.40 4.10 27.34
24257 062002 2 07/23/99 6.18 112.82 15.45 8 . 1 1 1.59 9.70 5.75 4.70 19.62
25651 062002 2 07/26/99 8.04 117.76 5.30 2.76 0 . 2 1 2.97 2.33 4.44 50.54
24011 062002 2 07/30/99 9.02 137.63 15.31 12.94 1.73 14.67 0.64 3.40 215.05
24053 062002 2 08/02/99 11.82 132.41 14.73 9.03 2.14 11.17 3.56 5.08 37.19
25673 062002 2 08/06/99 10.85 124.93 13.53 8.82 2.04 1 0 . 8 6 2.67 5.05 46.79
24175 062003 3 07/12/99 14.64 71.24 8.29 6.55 0.77 7.32 0.97 4.50 73.44
24216 062003 3 07/16/99 8.28 70.96 8.43 6.71 0.95 7.66 0.77 4.50 92.16
24116 062003 3 07/19/99 7.62 95.76 8 . 8 6 5.97 1.19 7.16 1.70 4.60 56.33
24258 062003 3 07/23/99 6.78 105.27 9.25 6.55 2.17 8.72 0.53 4.05 198.83












ID No. Sample Replicate Date C 0 2-C DOC TDN NH4-NNO3-N DIN DON pH DOCrDON
24012 062003 3 07/30/99 8.13 118.66 12.32 7.35 1.59 8.94 3.38 4.90 35.11
24054 062003 3 08/02/99 1 2 . 1 2 106.43 10.93 7.24 1.49 8.73 2 . 2 0 4.87 48.38
25674 062003 3 08/06/99 10.55 110.17 11.59 7.89 1.79 9.68 1.91 4.97 57.68
24176 072001 1 07/12/99 13.44 86.69 4.43 2.84 0.39 3.23 1 . 2 0 4.05 72.24
24217 072001 1 07/16/99 9.48 75.63 4.39 2.99 0.36 3.35 1.04 4.15 72.73
24120 072001 1 07/19/99 1 1 . 2 2 108.19 9.12 2.61 0.46 3.07 6.05 4.30 17.88
24259 072001 1 07/23/99 7.08 100.77 5.31 3.14 0.46 3.60 1.71 4.52 58.93
25653 072001 1 07/26/99 9.84 106.05 3.12 1.69 0.08 1.77 1.35 4.40 78.56
24013 072001 1 07/30/99 6 . 0 2 103.43 5.79 3.20 0.39 3.59 2 . 2 0 4.50 47.02
24055 072001 1 08/02/99 9.12 92.30 5.24 3.21 0.37 3.58 1 . 6 6 4.49 55.60
25675 072001 1 08/06/99 9.65 74.71 5.49 2.45 0.94 3.39 2 . 1 0 4.68 35.57
24177 072002 2 07/12/99 16.14 69.72 3.22 2.08 0.33 2.41 0.81 4.05 86.08
24218 072002 2 07/16/99 7.98 74.69 3.39 2 . 2 2 0.34 2.56 0.83 4.45 89.98
24118 072002 2 07/19/99 10.32 103.93 5.47 3.29 0.28 3.57 1.90 3.80 54.70
24260 072002 2 07/23/99 6.78 90.73 5.13 3.00 0.32 3.32 1.81 4.15 50.13
25654 072002 2 07/26/99 7.44 118.37 3.37 1.85 0 . 1 1 1.96 1.41 4.41 83.95
24014 072002 2 07/30/99 6.63 118.99 6.32 3.37 0.39 3.76 2.56 4.50 46.48
24056 072002 2 08/02/99 8.82 96.44 5.55 3.06 0.35 3.41 2.14 4.49 45.06
25676 072002 2 08/06/99 10.25 88.90 5.77 3.15 0.49 3.64 2.13 4.53 41.74
24178 072003 3 07/12/99 14.64 67.92 7.60 3.87 0.25 4.12 3.48 4.50 19.52
24219 072003 3 07/16/99 7.98 75.25 3.91 2.61 0.34 2.95 0.96 4.25 78.38
24129 072003 3 07/19/99 7.20 103.62 5.37 3.02 0.33 3.35 2 . 0 2 4.48 51.30
24261 072003 3 07/23/99 6.18 8 6 . 8 8 4.68 2.93 0.38 3.31 1.37 4.30 63.42
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Appendix II b. Soil chemistry of soil columns incubated at 1°C
ID No. Sample Date
24179 0 1 0 1 0 1 07/12/99
24220 0 1 0 1 0 1 07/16/99
24137 0 1 0 1 0 1 07/19/99
24262 0 1 0 1 0 1 07/23/99
25614 0 1 0 1 0 1 07/26/99
24016 0 1 0 1 0 1 07/30/99
24058 0 1 0 1 0 1 08/02/99
25600 0 1 0 1 0 1 08/06/99
24180 0 1 0 1 0 2 07/12/99
24221 0 1 0 1 0 2 07/16/99
24138 0 1 0 1 0 2 07/19/99
24263 0 1 0 1 0 2 07/23/99
25615 0 1 0 1 0 2 07/26/99
24017 0 1 0 1 0 2 07/30/99
24059 0 1 0 1 0 2 08/02/99
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TDN NH4 -NNO3-N DIN DON pH DOC.DON
________(Hg/g)_______________________________________________
20.54 1.61 1 2 . 6 6 14.27 6.27 20.60
11.25 1.41 5.32 6.73 4.52 21.03
11.98 1.51 5.71 7.22 4.76 20.89
8.28 1.03 3.70 4.73 3.55 19.95
9.20 0.03 6.38 6.41 2.79 31.02
5.21 0.94 1.52 2.46 2.75 21.39
4.97 1.51 1 . 1 0 2.62 2.35 25.91
4.90 1.24 1.29 2.53 2.37 17.91
18.45 2.60 7.77 10.37 8.08 17.47
13.31 1.73 4.96 6.69 6.62 18.54
12.31 0.81 1.80 2.61 9.70 10.85
9.22 1 . 6 6 2.79 4.45 4.77 21.64
1 1 . 0 0 0.46 7.45 7.91 3.09 28.96
8.18 0.71 1.35 2.06 6 . 1 2 12.18
5.96 1.93 0.59 2.52 3.44 16.24
5.14 1.61 1 . 0 2 2.63 2.51 18.50
15.67 1.84 9.39 11.23 4.44 24.44
1 2 . 6 8 1.77 5.87 7.64 5.04 17.53
10.63 1.42 6.34 7.76 2.87 23.93
7.75 1.05 3.90 4.95 2.80 20.35
10.17 0.08 6.74 6.82 3.35 25.12
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ID No. Sample Date Replicate CO2-C DOC
24066 030103 08/02/99 3 5.22 33.36
25607 030103 08/06/99 3 3.35 46.91
24188 040101 07/12/99 1 9.54 61.70
24229 040101 07/16/99 1 2.28 59.27
24146 040101 07/19/99 1 2 . 2 2 64.04
24271 040101 07/23/99 1 1.08 58.60
25623 040101 07/26/99 1 0.39 53.12
24025 040101 07/30/99 1 0 . 0 2 50.70
24067 040101 08/02/99 1 5.82 43.42
25679 040101 08/06/99 1 3,65 48.37
24189 040102 07/12/99 2 7.44 38.99
24230 040102 07/16/99 2 0.48 35.06
24147 040102 07/19/99 2 1.62 40.92
24272 040102 07/23/99 2 1.38 35.17
25624 040102 07/26/99 2 0.09 36.75
24026 040102 07/30/99 2 0.92 33.62
24068 040102 08/02/99 2 7.02 30.33
25680 040102 08/06/99 2 1.85 31.13
24190 040103 07/12/99 3 7.14 31.81
24231 040103 07/16/99 3 1.38 18.10
24148 040103 07/19/99 3 0.72 23.02
24273 040103 07/23/99 3 0.18 21.95
25625 040103 07/26/99 3 0.09 25.58
24027 040103 07/30/99 3 0.92 27.47
TDN NH4-N NO3-N DIN DON pH DOC:DON
3.92 1.41 0.07 1.48 2.44 13.67
4.28 0.84 0.63 1.47 2.81 16.70
10.17 7.00 0.39 7.39 2.78 22.19
9.26 6.95 0.23 7.18 2.08 28.49
8 . 2 2 5.76 0 . 1 2 5.88 2.34 27.37
7.01 5.19 0.08 5.27 1.74 33.68
5.86 3.86 0 . 2 2 4.08 1.78 29.84
5.55 3.42 0.09 3.51 2.04 24.85
4.43 3.15 0 . 1 2 3.27 1.15 37.65
5.98 3.51 0.16 3.67 2.31 20.94
10.38 4.23 0.31 4.54 5.84 6 . 6 8
7.74 4.15 0.23 4.38 3.36 10.45
7,72 4.68 0 . 1 2 4.80 2.92 14.01
6 . 0 1 3.49 0 . 1 2 3.61 2.40 14.65
11.17 7.33 0.37 7.70 3.47 10.59
4.77 2.48 0 . 1 1 2.59 2.18 15.42
5.10 3.04 0 . 1 0 3.14 1.96 15.47
5.20 2.75 0 . 1 0 2.85 2.35 13.24
5.95 3.75 0.25 4.00 1.95 16.31
3.22 2.05 0.14 2.19 1.03 17.58
3.71 2.55 0.09 2.64 1.07 21.51
3.22 2.06 0.08 2.14 1.08 20.32
6 . 8 6 4.33 0.35 4.68 2.18 11.73












ID No. Sample Date Replicate CO2-C DOC
24069 040103 08/02/99 3 5.52 25.31
2S681 040103 08/06/99 3 2.45 30.13
25656 050101 07/12/99 1 3.84 21.96
24232 050101 07/16/99 1 0.48 2 2 . 8 6
24149 050101 07/19/99 1 0 . 1 2 6 6 . 2 0
24274 050101 07/23/99 1 0.18 63.69
25626 050101 07/26/99 1 0.54 47.04
24028 050101 07/30/99 1 0.32 53.68
24070 050101 08/02/99 1 3.72 147.88
25682 050101 08/06/99 1 1.25 86.57
24191 050102 07/12/99 2 7.74 6.84
24233 050102 07/16/99 2 0.48 6 . 1 2
24150 050102 07/19/99 2 0.42 1 2 . 2 0
24275 050102 07/23/99 2 0.48 11.76
25627 050102 07/26/99 2 0.54 1 1 . 6 6
24029 050102 07/30/99 2 0.62 19.66
24071 050102 08/02/99 2 3.72 18.29
25683 050102 08/06/99 2 1.25 19.74
24192 050103 07/12/99 3 7.14 18.49
24234 050103 07/16/99 3 0.78 15.81
24151 050103 07/19/99 3 0 . 1 2 24.68
24276 050103 07/23/99 3 0.48 38.91
25628 050103 07/26/99 3 0.39 35.53
24030 050103 07/30/99 3 0.92 45.13
TDN NH4-NNO 3-N DIN DON pH DOC:DON
3.88 2.90 0 . 1 0 3.00 0 . 8 8 28.76
4.06 3.19 0.17 3.36 0.70 43.05
10.52 5.46 3.18 8.64 1 . 8 8 1 1 . 6 8
4.19 2.59 0.82 3.41 0.78 29.45
5.78 3.01 0 . 6 6 3.67 2 . 1 1 31.37
4.50 2.08 0.50 2.58 1.92 33.17
3.62 1.18 1.62 2.80 0.82 57.37
4.20 2.09 0.47 2.56 1.64 32.73
3.50 2 . 0 1 0.17 2.18 1.32 112.45
4.88 1.99 0.50 2.49 2.39 36.22
1.77 0 . 6 6 0.63 1.29 0.48 14.25
4.21 1.32 2.19 3.51 0.70 8.74
3.52 2.14 1 .0 1 3.15 0.37 32.97
3.75 2.16 1.19 3.35 0.40 29.40
13.52 7.48 3.84 11.32 2 . 2 0 5.30
3.95 2.30 0.97 3.27 0 . 6 8 28.91
3.10 1.91 0.63 2.54 0.56 32.66
2.80 1.74 0.61 2.35 0.45 43.86
7.59 3.27 1.80 5.07 2.52 7.34
4.93 2.48 1.82 4.30 0.63 25.10
7.93 4.29 1.83 6 . 1 2 1.81 13.64
5.04 3.14 1.03 4.17 0.87 44.72
4.17 1.85 1.72 3.57 0.60 59.21
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Appendix III a. DOC concentrations for the 1999 sampling season at the Chronic-N plots at Harvard Forest, Massachusetts. 
Treatments: C = control, H = High-N and L = Low-N. Forest codes, H = Hardwood stand and P = Coniferous stand. All 
values are mg/1.
ID No. Date ZTLNo. Weight (g) Treatment Forest DOC
23772 20-May-99 2 2 479 C H 25.51
23773 20-May-99 23 351 C H 36.94
23774 20-May-99 24 322 C H 36.05
23775 20-May-99 25 502 C H 32.49
23759 28-May-99 25 161 C H 19.98
25286 30-Jun-99 2 1 800 C H 97.94
25267 30-Jun-99 2 2 1065 C H 48.46
24298 30-Jun-99 24 214 C H 66.59
24299 30-Jun-99 25 396 C H 65.79
24336 6-Jul-99 2 1 243 C H 61.33
24330 6-Jul-99 2 2 370 C H 60.49
24331 6-Jul-99 23 259 C H 73.7
24332 6-Jul-99 25 196 C H 94.9
24335 30-Jul-99 2 2 C H 73.6
24709 16-Aug-99 2 1 1051 C H 35.46
24710 16-Aug-99 2 2 1075 C H 26.85
24711 16-Aug-99 24 290 C H 57.67
24712 16-Aug-99 25 415 C H 49.7
24718 16-Aug-99 23 667 C H 32.91
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ID No. Date ZTL No. Weight (g)
24334 6-Jul-99 27 289
24337 30-Jul-99 30
24713 16-Aug-99 27 1106
24714 16-Aug-99 28 562
24715 16-Aug-99 26 1018
24716 16-Aug-99 30 1099
24745 23-Aug-99 26 762
24746 23-Aug-99 27 763
24747 23-Aug-99 28 244
24748 23-Aug-99 30 192
24772 30-Aug-99 26 631
24773 30-Aug-99 27 924
24774 30-Aug-99 28 318
24775 30-Aug-99 30 293
24678 8-Sep-99 26 693
24679 8-Sep-99 27 1131
24680 8-Sep-99 28 253
24681 8-Sep-99 30 1137
25259 18-Sep-99 26 1132
25260 18-Sep-99 27 911
25261 18-Sep-99 28 780
25262 I8-Sep-99 30 971
25282 6-Oct-99 26 439
25283 6-Oct-99 27 256
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ID No. Date ZTL No. Weight (g) Treatment Forest DOC
24700 16-Aug-99 7 511 H P 51.23
24701 16-Aug-99 8 560 H P 63.08
24702 16-Aug-99 9 198 H P 43.58
24703 16-Aug-99 1 0 744 H P 51.03
24733 23-Aug-99 6 293 H P 173.09
24734 23-Aug-99 7 272 H P 110.16
24735 23-Aug-99 8 342 H P 155.36
24736 23-Aug-99 1 0 244 H P 84.18
24762 30-Aug-99 6 416 H P 91.25
24763 30-Aug-99 7 213 H P 72.06
24764 30-Aug-99 8 214 H P 94.45
24765 30-Aug-99 1 0 199 H P 59.55
24665 8-Sep-99 6 311 H P 256.52
24666 8-Sep-99 7 289 H P 68.51
24667 8-Sep-99 8 311 H P 93.94
24668 8-Sep-99 9 152 H P 51.27
24669 8-Sep-99 1 0 358 H P 66.25
25244 18-Sep-99 6 1137 H P 190.76
25245 18-Sep-99 7 1152 H P 90.98
25246 18-Sep-99 8 1136 H P 148.95
25247 18-Sep-99 9 624 H P 49.72
25248 18-Sep-99 1 0 1072 H P 68.99
25272 6-Oct-99 6 660 H P 255.51
25273 6-Oct-99 7 213 H P 182.89
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Appendix III b. CO2-C flux for June-August inclusive, 1999 at the Chronic-N plots at Harvard Forest, Massachusetts. 
Treatments: C = control, H = High-N and L = Low-N. Forest codes, H = Hardwood stand and P = Coniferous stand. All 
values are mg m'2h r1'.___________________________________________________________________
Date Forest Treatment CO2 Flux (mg C m h )
17-Jun-95 H C 71.94
24-Jun-95 H C 86.84
28-Jun-95 H C 491.88
5-Jul-95 H C 281.19
16-Jul-95 H C 101.97
12-Aug-95 H C 70.53
17-Jun-95 H C 3.54
24-Jun-95 H C 23.10
28-Jun-95 H C 319.07
5-Jul-95 H C 358.19
16-Jul-95 H C 95.90
25-Jul-95 H C 45.15
12-Aug-95 H C 68.08
17-Jun-95 H C 39.47
24-Jun-95 H C 81.43
28-Jun-95 H C 257.43
5-Jul-95 H C 380.70
16-Jul-95 H C 81.99
25-Jul-95 H C 72.27
12-Aug-95 H C 47.72
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Appendix III c. CO2-C flux (mg C m 2 hr'1) for May-November inclusive, 1999 at the DIRT plots at Harvard Forest, 




12# 1 19#2 2#3
OX
9#1 10#2 l#3 6#2
C
18#3 20#2 14#l I5#l
16-Jun-99 221.17 - 186.29 83.02 - - 134.13 - 238.90 127.84 - -
28-Jul-99 157.67 115.60 104.37 87.85 81.37 78.44 117.79 106.63 88.20 68.95 101.98 174.78
5-Aug-99 125.76 88.90 69.67 71.05 74.88 35.51 80.45 113.68 101.41 71.41 153.65 104.69
l2-Sep-99 213.33 179.20 222.81 114.07 80.53 92.01 167.67 162.62 184.00 136.22 266.15 353.06
18-Scp-99 234.77 137.10 138.50 85.16 62.94 54.33 109.43 156.20 176.50 88.20 240.01 222.50
6-Nov-99 124.55 74.30 73.93 35.06 17.22 39.00 59.45 49.21 63.05 39.45 65.21 72.37
Plot Mean 179.54 119.01 132.60 79.37 63.39 59.86 111.49 117.67 142.01 88.68 165.40 185.48
SE 18.76 16.91 23.45 9.79 10.96 10.08 14.53 17.25 25.70 14.05 35.31 45.13
n = 6 5 6 6 5 5 6 5 6 6 5 5
Treatment Mean 143.71 67.54 135.12
Treatment SE 18.34 6.00 14.74
n = 3 3 6
June-Aug Mean 168.20 102.26 120.11 80.64 78.13 56.98 110.79 110.16 142.84 89.40 127.82 139.74
SE 28.04 13.36 34.57 4.99 3.25 21.47 15.89 3.52 48.18 19.23 25.84 35.05
n = 3 2 3 3 2 2 3 2 3 3 2 2
Treatment Mean 130.19 71.91 120.12
SE 19.69 7.50 8.35












Appendix III d. DOC concentrations (mg/1) for May-November inclusive, 1999 at the DIRT plots at Harvard Forest, 
Massachusetts. Treatments: C -  control, 2X = double annual leaf litter input, and OX -  zero annual leaf litter input.
ID No. Date Weight Plot no Block Treatment DOC
________________________________________ (g)__________________________________________________ (mg/1)
23753 20-May-99 109 3 3 2X 14.74
23757 20-May-99 176 19 2 2X 19.33
23758 20-May-99 2 0 1 2 1 2X 7.96
24310 20-May-99 1 2 2 19 2 2X 48.12
24316 20-May-99 37 1 2 1 2X 20.73
24318 20-May-99 415 19 2 2X 28.43
24320 20-May-99 105 19 2 2X 44.20
24688 25-May-99 159 3 3 2X 58.17
24692 17-Jun-99 114 1 2 1 2X 32.51
24694 17-Jun-99 821 19 2 2X 58.12
24724 17-Jun-99 106 3 3 2X 79.43
24727 17-Jun-99 57 1 2 1 2X 61.72
24728 30-Jun-99 586 19 2 2X 43.53
24757 30-Jun-99 2 1 19 2 2X 52.43
24655 30-Jun-99 272 3 3 2X 37.93
24659 30-Jun-99 390 1 2 1 2X 36.27
24660 30-Jun-99 464 19 2 2X 34.22
24645 30-Jun-99 3 3 2X 53.82
24649 30-Jun-99 1 2 1 2X 47.93
24652 30-Jun-99 19 2 2X 29.90
24866 30-Jun-99 3 3 2X 43.81
24870 6-Jul-99 1 2 1 2 x 35.98
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APPENDIX V. SOIL CN DATABASE FOR THE FIFTEEN BIOMES USED IN THE GLOBAL C:N MODEL
Codes: Carboa aad Nitrogen (kg/m'2), Elevation (m), Source of data sec Appendix V a, Holdridge = Holdridge Life Zones, OET = Olson Ecosystem 
Types see Appendix Vb Geology see Appendix Vc_______________________________________________________________________________
Profile No. State Country Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
64001 56-AK-3-1 AK USA 6.4 0.542 11.81 65.0N 148.0W 168 1 6 20 764
64002 56-AK-3-2 AK USA 9.5 0.612 15.52 65.0N 147.5W 244 1 6 20 764
64003 56-AK-5-2 AK USA 21.1 1.14 18.51 60.5N 150.0W 91 1 7 20 761
64004 56-AK-6-I AK USA 35.3 2.887 12.23 60. IN I5I.5W 61 1 4 20 761
64003 56-AK-6-2 AK USA 33.6 2.455 13.69 60.0N I51.6W 46 1 4 20 761
64016 59-AK-54-4 AK USA 14.5 1.32 10.98 62.3N 150.4W 137 1 7 20 593
64017 59-AK-8-1 AK USA 5.3 0.316 16.77 64.5N 149.0W 320 1 7 20 764
64018 59-AK-8-2 AK USA 7.2 0.406 17.73 64.5N 149.0W 335 1 7 20 764
64023 69-AK-56-1 AK USA 32 1.838 17.41 58.7N I56.7W 23 1 8 20 762
64026 69-AK-56-2 AK USA 19.4 1.04 18.65 58.7N 156.8W 15 1 8 20 762
64027 59-AK-5I-I AK USA 13.7 0.849 16.14 64.8N 14 LOW 229 I 7 20 765
64028 59-AK-5I-2 AK USA 16.5 1.157 14.26 65.8N 144.4W 290 1 6 20 765
64033 59-AK-3-1 AK USA 7.5 0.536 13.99 64.8N 147.5W 259 1 6 20 764
64036 59-AK-3-2 AK USA 8.6 0.457 18.82 64.6N 148.0W 259 1 6 20 764
64037 59-AK-3-3 AK USA 7.2 0.48 15.00 65.0N 147.8W 168 1 6 20 764
64038 60-AK-3-1 AK USA 7.3 0.466 15.67 64.6N 148.0W 259 1 6 20 764
64041 60-AK-60-1 AK USA 15.5 0.882 17.57 62.5N 150.0W 152 1 7 20 761
64042 67-AK-58-I AK USA 22.4 1.304 17.18 59. IN 158.6W 46 1 8 20 763
64043 69-AK-54-3 AK USA 13.3 1.075 12.37 62.3N I50.4W 137 1 7 20 762
64033 58-AK-3-2 AK USA 15.1 0.773 19.53 65.0N I47.9W 1 7 20 761
64068 69-AK-54-I AK USA 70.4 4.004 17.58 62.0N I50.2W 61 1 7 20 596
64069 69-AK-54-2 AK USA 59.6 3.347 17.81 62.0N 15I.2W 61 1 7 20 596
75045 14 AK USA 34.7 1.868 18.58 65.5N 146.0W 650 1 4 62 62X
75047 23 AK USA 27.4 2.064 13.28 63.4N I50.3W 1200 1 4 62












Profile No. State Country Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
81002 UM02 NW CANADA 2.5 0.146 17.12 62.6N 116.2W 275 1 7 21 7XX
81003 UM03 NW CANADA 7.6 0.634 11.99 61.4N 120.1 W 275 1 7 21 7XX
81004 UM04 NW CANADA I I .1 0.956 11.61 61.4N II7.8W 275 I 7 21 7XX
81003 UM05 NW CANADA 3.8 0.315 12.06 6 I.8N 116.7W 275 1 7 21 7XX
81006 UM06 NW CANADA 5.9 0.37 15.95 62 .ON 117.2 W 180 1 7 21 7XX
81007 UM07 NW CANADA 2.5 0.483 5.15 61.IN 117.5W 180 1 7 21 7XX
81008 UM08 NW CANADA 15.2 0.891 17.06 60.7N 116.5W 275 1 7 21 7XX
81010 UMIO NW CANADA 5 0.509 9.82 61.7N 120.6W 275 1 7 21 7XX
81011 UMII NW CANADA 8.1 0.703 11.52 6I.4N I20.0W 275 1 7 21 7XX
81012 UMI2 NW CANADA 12 0.728 16.48 61.4N I18.5W 275 1 7 21 7XX
81013 UM13 NW CANADA 34.4 2.296 14.98 61.4N 1I8.0W 275 1 7 21 7XX
81014 UMI4 NW CANADA 7.7 0.584 13.18 61.3N I18.6W 275 1 7 21 7XX
81013 UMI5 NW CANADA 156.5 8.403 18.62 60.9N I16.7W 275 1 7 21
8)016 UM16 NW CANADA 2.7 0.235 11.49 61.3N 116.8W 275 1 7 21
81017 UM17 NW CANADA 9.2 0.709 12.98 61.4N 1I8.0W 275 1 7 21 7XX
81018 UMI8 NW CANADA 6.3 0.662 9.52 61.5N II7.2W 180 1 7 21 7XX
81019 UMI9 NW CANADA 4.2 0.42 10.00 61.4N 118.2 W 180 1 7 21 7XX
81020 UM20 NW CANADA 9,1 0.808 11.26 6I.4N 117.5 W 180 1 7 21 7XX
81021 UM2I NW CANADA 6.7 0.674 9.94 61.6N I20.7W 225 1 7 21 7XX
81022 UM22 NW CANADA 13 1.086 11.97 62.0N 117.3 W 225 1 7 21 7XX
81023 UM23 NW CANADA 6.8 0.584 11.64 61.4N 117.5 W 180 1 7 21 7XX
81024 UM24 NW CANADA II. 1 0.773 14.36 61.9N 116.6W 180 1 7 21 7XX
81023 UM25 NW CANADA 19.5 1.668 11.69 61.5N II8.0W 225 1 7 21 7XX
81026 UM26 NW CANADA 10.7 0.991 10.80 61.2N 119.4W 225 1 7 21 7XX
81027 UM27 NW CANADA 9.8 0.657 14.92 60.9N 117.4 W 225 1 7 21 7XX
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Profile No. State Country
7007011 5IJP JP JAPAN
7007023 63JP JP JAPAN
3001031 331 GR EUROPE
60122 59 CA USA
61041 73 OR USA
7001013 SK24 JP JAPAN
62286 24A403 CA USA
700102S SK34 JP JAPAN
7001003 SKI 1 JP JAPAN
7007025 65JP JP JAPAN
7007021 61JP JP JAPAN
61006 70 OR USA
7001002 SK8 JP JAPAN
7007017 57JP JP JAPAN
18031 281 CA USA
7007013 53JP JP JAPAN
20015 419 MX S AMERICA
20012 417 MX S AMERICA
61017 73 OR USA
34006 237CA CA USA
7001018 SK27 JP JAPAN
3001024 324 GR EUROPE
7003016 TYI6 JP JAPAN
7007014 54JP JP JAPAN
3001030 330 GR EUROPE
Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
14.2 1.364 10.41 35.3N I37.4E 800 F 22
44.6 4.228 10.55 33.5N I30.6E 380 L 22
3.9 0.369 10.57 41.ON 23.7E 1000 D 22
6.1 0.577 10.57 37.6N 121.7W 183 D 22
19.3 1.816 10.63 42.5N 124.1W D 22
13.3 1.242 10.71 33.7N I33.8E 1200 L 22
11.8 1.098 10.75 40.8N I22.6W D 22
33.6 2.998 11.21 33.7N I33.8E 800 L 22
22.6 2.003 11.28 33.7N I33.8E 1000 L 22
22.5 1.983 11.35 33.5N 130.6E 320 L 22
18.7 1.646 11.36 33.5N I30.6E 320 L 22
8.5 0.731 11.63 45.1N 122.0W D 22
14.2 1.217 11.67 33.7N 133.8E 850 L 22
16.5 1.402 11.77 33.5N 130.6E 400 L 22
18.1 1.535 11.79 39.3N I23.8W 20 D 22
20.8 1.757 11.84 33.5N 130.6E 520 L 22
11.1 0.933 11.90 19.4N 97.2W 3800 D 22
1.8 0.151 11.92 I9.3N %.7W 500 C 22
10.3 0.862 11.95 43. IN 124.1W D 22
16.2 1.354 11.% 39, IN 120.3W 2650 D 22
22.1 1.845 11.98 33.7N 133.8E 1260 L 22
7.9 0.658 12.01 39.9N 21.5E 1500 D 22
10.5 0.872 12.04 43 .ON 142.0E 200 E 22
19.6 1.622 12.08 33.5N I30.6E 550 L 22












Profile No. State Country
7006009 09JP JP JAPAN
7003005 TY5 JP JAPAN
7007007 47JP JP JAPAN
7001013 SK2I JP JAPAN
7007015 55JP JP JAPAN
7007024 64JP JP JAPAN
70002 H2CA CA USA
7003015 TYI5 JP JAPAN
7007022 62JP JP JAPAN
7006016 16JP JP JAPAN
7001016 SK25 JP JAPAN
60058 61 CA USA
62131 24D20I CA USA
7001012 SK20 JP JAPAN
62321 42D20I CA USA
18027 277 CA USA
61004 72 OR USA
7003019 TYI9 JP JAPAN
76004 5 AT CANADA
76007 6A AT CANADA
62153 50B102 CA USA
7003009 TY9 JP JAPAN
7003018 TYI8 JP JAPAN
52001 205 CA USA
7006022 22JP JP JAPAN
7003002 TY2 JP JAPAN
Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
14.7 1.208 12.17 35.2N 138.7E
14.2 1.162 12.22 43 .ON I42.0E
13.6 1.112 12.23 35.3N 137.4E
17.4 1.41 12.34 33.7N I33.8E
23.9 1.92 12.45 33.5N I30.6E
16.5 1.313 12.57 33.5N 130.6E
17.8 1.416 12.57 40.3N 124.2W
18.6 1.478 12.58 43.8N I43.8E
18.9 1.498 12.62 33.5N 130.6E
22.1 1.732 12.76 36.4N I40.0E
27.7 2.16 12.82 33.7N I33.8E
7.5 0.584 12.84 38.6N I20.6W
7.5 0.584 12.84 40.7N 122.7W
32.7 2.537 12.89 33.7N I33.8E
7.8 0.605 12.89 39.7N 122.7W
3.4 0.263 12.93 4I.6N 124.2W
14.2 1.097 12.94 43.IN 124.1W
13.7 1.053 13.01 43.ON I42.0E
7.9 0.606 13.04 5I.2N II 5.0 W
6.5 0.496 13.10 5I.2N 115.0W
9.8 0.747 13.12 39.4N 12I.3W
11 0.838 13.13 42.8N I42.0E
12.2 0.929 13.13 43.ON I42.0E
26.2 1.987 13.19 39. IN I20.2W
16.7 1.264 13.21 40. IN I40.2E





























































Profile No. State Country
7006035 35JP JP JAPAN
7003008 TY8 JP JAPAN
7006025 25JP JP JAPAN
7006021 2 1JP JP JAPAN
3001040 340 IT EUROPE
62320 42A206 CA USA
7006027 27JP JP JAPAN
61008 70 OR USA
7007009 49JP JP JAPAN
62336 31C407 CA USA
61009 70 OR USA
18028 278 CA USA
3001019 319 IT EUROPE
61020 70 OR USA
7006030 30JP JP JAPAN
12020 68 NV USA
4001 55 MT USA
7007008 48JP JP JAPAN
7003027 TY27 JP JAPAN
61022 73 OR USA
60016 60 CA USA
7001027 SK36 JP JAPAN
7006029 29JP JP JAPAN
61046 70 OR USA
7007018 58JP JP JAPAN
34008 709 CA USA
Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
11.7 0.881 13.28 36.7N 139.0E 640 E 22
15 1.12 13.39 43.8N I43.8E 100 E 22
32 2.386 13.41 36.4N I38.5E 1150 E 22
14.6 1.088 13.42 40. IN I40.2E 220 K 22
11.2 0.833 13.45 43.7N II.6E 1000 D 22
4.1 0.304 13.49 39.9N I22.7W 1524 D 22
34.6 2.565 13.49 36.4N 138.5E 1600 E 22
6.8 0.503 13.52 45.5N I22.0W D 22
18.4 1.36 13.53 35.3N 137.4E 980 F 22
3.2 0.236 13.56 40. IN I22.8W 2134 D 22
11.8 0.868 13.59 45.5N I22.0W D 22
2.4 0.176 13.64 41.6N 124.2W 20 D 22
29.1 2.134 13.64 42.2N 14. IE 1500 D 22
5.7 0.416 13.70 45.5N I22.0W D 22
19.1 1.38 13.84 36.4N I38.5E 1000 E 22
6 0.433 13.86 39. IN 120.1W 1950 D 22
4.7 0.339 13.86 45.2N I09.2W 1524 D 22
15.4 1.105 13.94 35.3N I37.4E 950 F 22
87.2 6.247 13.96 43.0N 14I.0E 420 E 22
18.2 1.299 14.01 43. IN 124.1 W D 22
15.1 1.077 14.02 32.9N 116.7W 1463 D 22
26.7 1.9 14.05 33.7N I33.8E 720 L 22
30.3 2.153 14.07 36.4N 138.5E 1700 E 22
12.4 0.881 14.07 45.5N I22.0W D 22
15 1.062 14.12 33.5N I30.6E 690 L 22
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Profile No. State Country Carbon Nitrogen C;N 
Ratio
Lat Long Elevation Source Hold OET Geology
61037 72 OR USA 18.5 1.238 14.94 43.IN 124.1 W 1 D 22
7006023 23JP JP JAPAN 36.2 2.419 14.96 36.4N I38.5E 1000 1 E 22
7006008 08JP JP JAPAN 28.1 1.877 14.97 35.2N 138.7E 1440 1 L 22 40
7007019 59JP JP JAPAN 34.7 2.316 14.98 33.5N 130.6E 700 1 L 22
6I0IS 73 OR USA 39.3 2.612 15.05 43. IN 124.IW 1 D 22
7006020 20JP JP JAPAN 25.9 1.715 15.10 40. IN 140.2E 230 1 K 22 50X
61049 72 OR USA 33.5 2.218 15.10 43.IN 124.1 W 1 D 22
85057 55-CO-25-6 USA 4.9 0.323 15.17 39.9N I05.9W 3100 1 ? 22 7XX
88015 59-WA-6-8 WA USA 17.6 1.16 15.17 45.7N 122.6W 178 1 E 22 40X
7006031 31JP JP JAPAN 9.7 0.639 15.18 36.4N I38.5E 1300 1 E 22
7003029 TY29 JP JAPAN 28.1 1.851 15.18 42.7N I42.3E 560 1 E 22
2022001 19 SB ASIA 8.6 0.566 15.19 60. IN I50.8E 280 1 7 22
3001026 326 GR EUROPE 4.3 0.283 15.19 37.0N 22.9E 1000 1 D 22
35021 21 CA USA 8.5 0.559 15.21 39.8N 120.4W 1857 1 D 22
33001 551 WA USA 15 0.984 15.24 45.6N 122.5W 46 1 E 22
7001014 SK23 JP JAPAN 26.3 1.72 15.29 33.7N I33.8E 1200 1 L 22
7001009 SK16 JP JAPAN 28.7 1.876 15.30 33.7N I33.8E 960 1 L 22
7003030 TY30 JP JAPAN 19.9 1.287 15.46 42.8N I42.0E 130 1 E 22
7006019 19JP JP JAPAN 15.1 0.975 15.49 40. IN 140.2E 260 1 K 22 50X
19004 353 CA USA 9.2 0.594 15.49 41.6N 121.IW 1900 1 D 22
88014 59-WA-6-7 WA USA 21 1.355 15.50 45.7N I22.6W 463 I E 22 40X
7001011 SK18 JP JAPAN 29.3 1.886 15.54 33.7N 133.8E 840 1 L 22
7001007 SKI3 JP JAPAN 22.7 1.456 15.59 33.7N I33.8E 950 1 L 22
7001006 SKI2 JP JAPAN 31 1.987 15.60 33.7N 133.8E 930 1 L 22
70003 H3CA CA USA 29.1 1.863 15.62 40.9N I24.0W 60 1 D 22












Profile No. State Country
7006010 I0JP JP JAPAN
7003020 TY20 JP JAPAN
7001004 SKI0 JP JAPAN
61016 73 OR USA
61056 72 OR USA
7007010 50JP JP JAPAN
10002 342 CA USA
7003021 TY21 JP JAPAN
23001 45ICA CA USA
62295 24C30I CA USA
33002 552 WA USA
7001020 SK29 JP JAPAN
61011 70 OR USA
18012 262 CA USA
61005 70 OR USA
7003034 TY34 JP JAPAN
50002 168 A CA USA
7003007 TY7 JP JAPAN
62135 40AI02 CA USA
7007005 45JP JP JAPAN
63058 I4D20I CA USA
49008 147 CA USA
7003024 TY24 JP JAPAN
86003 64-WA-30-I WA USA
34004 706 CA USA
62051 24D2I2 CA USA
Carbon Nitrogen C:N Lat Long Elevation Source Hold OET
Ratio
20.5 1.308 15.67 35.2N 138.7E 1380 L 22
15.1 0.96 15.73 43.0N I41.0E 150 E 22
16.5 1.049 15.73 33.7N I33.8E 1070 L 22
19.3 1.219 15.83 43. IN 124.1 W D 22
20.2 1.274 15.86 43. IN 124. IW D 22
9.1 0.573 15.88 35.3N I37.4E 900 F 22
4.8 0.302 15.89 4I.3N 122.1 W 1158 D 22
14.6 0.918 15.90 43.8N 143.8E 410 E 22
10.7 0.672 15.92 39.9N 121.IW 1180 D 22
11.8 0.741 15.92 40.6N 122.9W D 22
20.6 1.288 15.99 45.6N I22.0W 91 E 22
63.5 3.963 16.02 33.7N I33.8E 580 L 22
11.8 0.736 16.03 45. IN 122.0W D 22
25.8 1.609 16.03 4I.6N 124.2 W 20 D 22
10.3 0.64 16.09 45.IN I22.0W D 22
15 0.931 16.11 43.ON 142.0E 85 E 22
25.5 1.582 16.12 36.7N II8.9W 1676 D 22
31.7 1.965 16.13 42.0N 140.5E 140 E 22
16.5 1.02 16.18 39.9N I21.6W D 22
14.1 0.867 16.26 35.3N 137.4E 950 F 22
10.2 0.627 16.27 41.2N I22.2W 1158 D 22
14.3 0.877 16.31 37.7N 119.6W 1210 D 22
15.6 0.956 16.32 42.0N I40.5E 400 E 22
32.3 1.975 16.35 45.6N I22.4W 350 E 22
6.3 0.385 16.36 41.9N I23.9W 792 D 22
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Profile No. State Country Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
10003 343 CA USA 7.1 0.416 17.07 41.3N 122.1W 1158 1 D 22
60061 57 CA USA 3.4 0.199 17.09 37.4N I22.3W 549 1 D 22
1026 55 CO USA 3.8 0.222 17.12 40.0N I05.9W 1 D 22
7003022 TY22 JP JAPAN 43.9 2.562 17.14 43.8N I45.0E 120 1 E 22
62104 24CI06 CA USA 6.9 0.402 17.16 40.7N I22.8W 1 D 22
7001022 SK31 JP JAPAN 39.9 2.323 17.18 33.7N I33.8E 750 1 L 22
62143 112D204 CA USA 17.9 1.041 17.20 36.2N I18.7W 1280 1 D 22
60064 68 CA USA 4.3 0.25 17.20 38.8N I20.0W 1981 1 D 22
7001017 SK26 JP JAPAN 33.9 1.968 17.23 33.7N 133.8E 1260 1 L 22
6I03S 72 OR USA 34,5 2 17.25 43.8N 122.9W 1 D 22
7001019 SK28 JP JAPAN 67.7 3.905 17.34 33.7N 133.8E 960 1 L 22
7003011 TY11 JP JAPAN 13.9 0.8 17.38 44.3N I43.0E 140 1 E 22
86010 64-WA-14-3 WA USA 29 1.669 17.38 47. IN 124.0W 9 1 E 22 7XX
62031 69A2I1 CA USA 30.9 1.774 17.42 38.4N 120.2W 1890 1 D 22 359
61021 73 OR USA 24.7 1.415 17.46 43.IN 124. IW 1 D 22
87009 57-WA-32-9 WA USA 2.2 0.126 17.46 47.7N 117.4W 503 1 D 22 7XX
64038 62-AK-0-7 AK USA 23.8 1.362 17.47 55.4N 132.8W 732 1 9 22 325
62116 38C20I CA USA 56.4 3.226 17.48 39.7N 120.9W 1707 1 E 22
7006026 26JP JP JAPAN 16.4 0.937 17.50 36.4N 138.5E 1300 1 E 22
87002 57-WA-32-2 WA USA 3.7 0.211 17.54 47.4N 117.8 W 722 1 D 22 7XX
3001020 320 IT EUROPE 16 0.908 17.62 42.2N 14. IE 950 1 D 22
86008 64-WA-8-4 WA USA 16.5 0.936 17.63 42. IN 123.0W 229 1 E 22 7XX
7001001 SK4 JP JAPAN 28 1.588 17.63 33.7N I33.8E 1720 1 L 22
19003 354 CA USA 6.9 0.391 17.65 4I.6N 121.IW 1900 1 D 22
33011 11 CA USA 10.8 0.611 17.68 41.ON 121.6W 1350 1 D 22
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Profile No. State Country Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
18020 270 CA USA 2.8 0.152 18.42 41.6N 124.2W 20 1 D 22
7006005 05JP JP JAPAN 13.6 0.737 18.45 35.2N 138.7E 1300 1 L 22 40
1024 55 CO USA 2.9 0.157 18.47 39.9N I05.9W 1 D 22
60059 61 CA USA 7.6 0.411 18.49 33.ON 116.6W 1250 1 D 22
7001003 SK9 JP JAPAN 31.1 1.675 18.57 33.7N I33.8E 930 1 L 22
70001 H1CA CA USA 26.7 1.431 18.66 40.5N I24.0W 60 1 D 22
60046 68 CA USA 4.1 0.219 18.72 39.3N 121.IW 762 1 D 22
16012 CX523.75 CT USA 14.3 0.763 18.74 41.6N 72.6W 75 1 E 22
7003013 TYI3 JP JAPAN 15.8 0.841 18.79 43.8N I43.8E 140 1 E 22
1011 58 CO USA 6.9 0.366 18.85 38.9N 106.0W 2896 1 D 22
62088 90D305 CA USA 13.2 0.7 18.86 37. IN 119.2W 1768 1 D 22 05X
71002 D5CA CA USA 21 1.113 18.87 4I.8N I24.2W II 1 D 22
87007 57-WA-32-7 WA USA 3.9 0.205 19.02 47.7N 117.4 W 799 1 D 22 OOX
7006032 32JP JP JAPAN 12.5 0.657 19.03 36.4N I38.5E 1000 1 E 22
62075 33D405 CA USA 5.6 0.294 19.05 40.1N I21.6W 1219 1 D 22 359
64056 62-AK-0-5 AK USA 24.3 1.274 19.07 55.4N 132.7W 46 1 9 22 510
3001012 312 IT EUROPE 18.6 0.975 19.08 38.5N 16.3E 1300 1 D 22
35008 8 CA USA 6.7 0.351 19.09 40.5N I2I.6W 1900 1 D 22
76005 5A AT CANADA 4.7 0.246 19.11 51.2N II5.0W 1580 1 7 22
86009 64-WA-8-5 WA USA 24.6 1.287 19.11 46.4N 123.3W 91 1 E 22 7XX
65014 1.15 CT USA 10.4 0.543 19.15 4I.3N 73.0W 60 1 ? 22
62094 90C103 CA USA 2.8 0.146 19.18 37.2N 119.3W 1646 I D 22 04X
3001013 313 IT EUROPE 21.6 1.125 19.20 38.6N I6.3E 950 1 D 22
62132 39D202 CA USA 5 0.26 19.23 39.7N 121.2W 1280 1 D 22
35056 52 OR USA 11.4 0.592 19.26 42. IN 123.5W 1125 1 D 22
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Profile No. State Country Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
62I6S 31C20I CA USA 9.6 0.334 28.74 40.2N I22.9W 1219 1 D 22 21X
64019 60-AK-4-I AK USA 29.5 1.026 28.75 59.7N I5I.5W 91 1 9 22 763
62032 69BI04 CA USA 30.9 1.074 28.77 38.4N I20.3W 1646 1 D 22 358
62329 I00A102 CA USA 12.9 0.446 28.92 36.9N I19.IW 2073 1 D 22 62X
64064 67-AK-52-2 AK USA 39.1 1.35 28.96 60.4N 145.2W 30 1 9 22 761
35049 45 CA USA 10.4 0.358 29.05 34.2N I17.2W 1935 1 D 22
1025 55 CO USA 4.3 0.148 29.05 39.9N I05.9W 1 D 22
62052 69A208 CA USA 10.6 0.364 29.12 38.4N I20.2W 1615 1 D 22 40
7006014 14JP JP JAPAN 14.2 0.487 29.16 36.4N 140.0E 400 1 K 22 300
60182 66 CA USA 14.7 0.498 29.52 42.0N 120.7W 1661 1 D 22
62081 39D406 CA USA 29.5 0.998 29.56 39.6N 121. IW 1341 1 D 22 6%
60073 66 CA USA 5.1 0.172 29.65 42.0N I22.6W 927 1 D 22
1009 43 CO USA 7.8 0.262 29.77 39.9N I05.9W 1 D 22
62084 90A104 CA USA 7.5 0.251 29.88 37.4N 119.1 W 2408 1 D 22 40X
62344 69B402 CA USA 9.6 0.321 29.91 38.3N 120.3W 1585 1 D 22 62X
31006 523SCA CA USA 15.4 0.514 29.96 39.9N 121. IW 2085 1 D 22
62064 22D208 CA USA 22.7 0.755 30.07 40.7N 12I.7W 2012 1 D 22 350
7006012 12JP JP JAPAN 9.1 0.302 30.13 36.4N 140.0E 470 1 K 22 300
22005 442CA CA USA 21.4 0.709 30.18 38.9N I20.6W 1281 1 D 22
62057 22D220 CA USA 10 0.331 30.21 40.7N I21.7W 1829 1 D 22 350
62323 112D205 CA USA 17.8 0.588 30.27 36.2N 118.7 W 1890 1 D 22
31003 521 CA USA II 0.363 30.30 39.9N 121.IW 2085 1 D 22
76006 6 AT CANADA 7 0.23 30.43 5J.2N I15.0W 1900 1 7 22
62172 3IC204 CA USA 8.8 0.289 30.45 40.2N I22.9W 1341 1 D 22 696
60067 68 CA USA 10.1 0.33 30.61 38.8N 120.0W 1951 1 D 22












Profile No. State Country Carbon Nitrogen C;N 
Ratio
Lat Long Elevation Source Hold OET Geology
18010 260 CA USA 6.9 0.225 30.67 41.6N 124.2W 20 1 D 22
13004 603OR OR USA 7 0.228 30.70 42.9N 122.2W 1829 1 D 22
35050 46 CA USA 11.6 0.377 30.77 34.2N II7.2W 1935 1 D 22
34002 704 CA USA 7.6 0.246 30.89 41.9N 124.0W 792 1 D 22
13005 604OR OR USA 7 0.226 30.97 42.9N I22.2W 1829 1 D 22
62134 39D409 CA USA 17.6 0.567 31.04 39.6N 121.IW 1158 1 D 22 50
62068 33A208 CA USA 36.4 1.172 31.06 40.4N 121.7W 1737 1 D 22 400
62030 38C202 CA USA 25.9 0.832 31.13 39.7N 120.9W 1737 1 E 22
60070 66 CA USA 8.3 0.266 31.20 42.0N I22.7W 1073 1 D 22
62024 39D408 CA USA 28 0.897 31.22 39.6N 121.IW 1219 1 D 22 359
12017 68 CA USA 7.6 0.243 31.28 39.1N 120.1 W 1950 1 D 22
S2003 207 CA USA 19.7 0.617 31.93 39. IN I20.2W 1950 1 D 22
12019 67 CA USA 4.6 0.144 31.94 39.IN 120. IW 1950 1 D 22
62050 60A30I CA USA 12.3 0.385 31.95 38.8N 122.7W 1158 1 D 22 300
61025 69 OR USA 6.3 0.195 32.31 42.4N 123.5W 1 D 22
18019 269 CA USA 4.3 0.133 32.33 4I.6N I24.2W 20 1 D 22
1010 55 CO USA 3.6 0.111 32.43 39.9N 105.9W 1 D 22
62174 42CI01 CA USA 7.2 0.221 32.58 39.7N I22.8W 1798 1 D 22 6%
35051 47 CA USA 15.6 0.477 32.70 34.2N I17.0W 2709 1 D 22
62136 69A302 CA USA 27.9 0.849 32.86 38.3N 120.2W 1 D 22
64023 62-AK-0-2 AK USA 35.1 1.061 33.08 55.4N 132.7W 91 1 9 22 583
56002 242 NV USA 4.6 0.139 33.09 39.2N I20.0W 2500 1 D 22
60074 66 CA USA 7.6 0.227 33.48 42.0N I22.6W 927 1 D 22
62106 90A204 CA USA 5.4 0.161 33.54 37.4N 119.2W 2073 1 D 22 04X
62001 34B306 CA USA 5.1 0.152 33.55 40.3N 121.4W 1463 1 D 22
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Profile No. State Country
Nordmoen NOR EUROPE
193956-61 NJ339I38 SCOT EUROPE
171866-69 SCOT EUROPE


















65001 1.01 NH USA
65002 1.02 NH USA
65003 1.03 NH USA
65004 1.04 NH USA
65006 1.06 CT USA
Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
15.20 60.16N I1.06E 8 22
16.96 6 22
17.78 6 22
18.53 60.16N 11.06E 8 22
18.87 6 22





21.50 47.23N 121.56W 4 22
22.59 44.22N 55.54W 4 22






36.67 47.04N 121.25W 4 22
37.40 5 22
49.96 45.10N 64.40W 4 22
19.4 0.793 24.46 44.3N 7I.7W 610 1 D 23
19 0.874 21.74 44.3N 71.7W 610 1 D 23
22.9 1.022 22.41 44.3N 7I.7W 625 1 D 23
25.2 0.883 28.54 43.9N 7I.5W 610 1 D 23














Profile No. State Country
65007 1.07 CT USA
65008 1.08 CT USA
65009 1.09 CT USA
65010 1.11 CT USA
6S0I3 1.14 CT USA
65018 1.21 NH USA
65022 1.24 CT USA
65023 1.31 CT USA
85115 56-ME-2-4 ME USA
89004 174 MA USA
89008 88 MA USA
3004004 11 NR EUROPE
3004015 41 NR EUROPE





20001 408 MX S AMERICA
20002 409 MX S AMERICA
20005 410 MX S AMERICA
20014 418 MX S AMERICA
62054 90B406 CA USA
62128 39B30I CA USA
62155 24C108 CA USA
62183 I00B107 CA USA
Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
4 0.182 21.98 4I.5N 71.8W
9.8 0.366 26.78 41.3N 72.9W
8.1 0.195 41.54 4I.8N 72.0W
5.1 0.221 23.08 41.6N 72.5 W
10.2 0.456 22.37 4I.4N 72.4W
28.4 1.885 15.07 44.3N 71.7W
10 0.479 20.88 4I.5N 72.4W
12 0.589 20.37 41.9N 72. IW
7 0.549 12.75 46.7N 68.0W
34.3 1.312 26.14 42.4N 72. IW
24.9 0.815 30.55 42.4N 72. IW
34 1.581 21.51 60.0N 11.5E





18.87 56.23N 3.2 IW
21.42 56.24N 3.19W
12.8 1.102 11.62 I9.5N %.9W
18.6 1.351 13.77 I9.6N 97.0W
47 3.518 13.36 I9.6N 97.0W
5 0.291 17.18 19.5N 97.3W
3.7 0.133 27.82 37.3N 119.3W
26.5 1.298 20.42 39.8N I21.4W
3.8 0.334 11.38 40.7N 122.8W





















































































































































X £ ©v ©v X X X © X X o © X X Xto o o to to © M mm to m o CN © CN CN CN Xfn v© to to <n fn CN CN m o to v© VO VO vO r-
nCN CN CN CN CN CN CN CN CN CN CN CN CN CN CN CN CN CN CN CN
uj UJ UJ UJ UJ UJ UJ a UJ UJ UJ UJ UJ UJ UJ UJ UJ UJ X
Q
00 cn vO CN to t-* m to © cn CN vO 00 VO VO P- o \o
m m 00 o m m m p- to to cn 5c CN cn © CN cnmm V CN S o 'Oxr\ m r- Ov Ov 00 cn — 00 r** cn — 9 — Sv
vo m
Z £ * * * £ £ * £ £ * £ £ * £ £ £VO 2 CN cn 00 Tf 2 r- O CN vq CN CN CN to 00 00
CN m^ » © PM o' CN* CN* O* Ov* cn Ov pU o' o' o' © VO vo* o 'CN CN CN mm CN CN CN CN CN CN CN CN CN CN CN CN 00 r* 90
™• ■“ * * •" •*" PM
Z z z Z Z Z Z Z z z Z Z Z z z z z z Z Z Z Z00 m m cn VO Ov 00 CN 2 Ov CN 00 00 00 OV to fN oe
00 Ov Ov r-»* o' 00* OS Ov* 00* 00* K vO* p** p** K r^ * o ' 00* i/» « 'm m cn cn cn cn cn cn cn cn cn cn cn cn cn cn cn fn m
2 Ov CN m to vo VO o vo CN o o o cn CN o m m oto r* 2 CN vO CN 00 r** CN 2 o 2 cn CN sB o r*^ o ■— <e rn
2 o' cn 00* Ov o 2 to o* PM cn » to oo' N>* rn vK rnCN cn CN cn cn “ " cn n
00 2 £ Ov Ov CN Ov Ov Ov cn VO p* p* to Ov vO CN vO© p-* © © 2 VO 00 vO mm to cn 00 vO CN to 00 VO p~ nr- 00 VO 00 Ov o* CN to to © cn to CN © N* o cn >r» fTo' o' o' o' o' o' o' o' o' o* o' o' o* o' o* o’ O o'
vO o 2 CN Ov Ov vO vq to mm CN 2 00 CN Ov Ov 00 00 r~- vO■m * 00 00 m* cn* CN to’ Ov’ K Ov* CN cn* 00* vo' Ov* vo N* r^ <«•* m m m m
< < < < < < < < < < < < < < < < < < < < < <C/3 Vi C/3 C/3 C/3 C/3 C/3 C/3 C/l C/3 C/3 C/3 C/3 C/3 C/3 C/3 C/3 C/3 C/3 C/3 C/3 C/33 =) 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
< < < < < < < < < < < < < < < < < < -1 3U U u U U U U U U 3 U U U U U 3 3 3 u. Z
r— Os o5 m cn CNSm oo <CNm <o cn
vo
6f N O O O C N O O O O d
p n e o a e a e a o  — e o p ?  ■— — <r»3
<>
O o «M cn O s O O 00 CN 00 p-m m CN CN cn to to to O r* cnCN CN CN CN CN CN CN CN CN CN CN cnCN CN CN CN CN CN CN CN CN CN CN CNvO O VO VO O vO VO O 0 O ve VO
s s
vo vo
totoo I 1 vOo Ovo cnr*ocn cn cn cn cn tovO O O vO 00
VO Ov r~~ rv o  o
( ' O W N
245






































































































































































































0 *np* inp- inp- 15
0 inp- «np- mp- inp- inp-
001 vnr~
£ £ £ £ £ £ £ * £ £ * £ £ St * * £ * * * 3t £  £«o l/% «n «n •n «n •n PS o CS CS PS cn — mm o VO O) p- SO o (S
in »n in in' in' Os* oi cs* cs cs* cs* cs’ cs PI cn* rs m m cs cs* PS* rn rnP-* p* P* p» r» p- p- p* P* r~ p~
C/3 C/3 C/3 C/3 C/3 C/3 C/3 2 Z 2 2 2 2 2 2 2 2 Z 2 2 2 2 Z Zp- f"* p- h* p* P** h1 CN o o o in sO SO sO cn VO Os 00 SO 00 wi aePI PI cs cs' cs cs' cs' o* Ov 00 00* 00* Os m m ’ps CS cs PS PS PS cs ■vr
os so o* p* 00 o Os n m o o m m sO S' oe m m cs Os in cs 00 00 m1-*n * Os cn 00 CS O' m in m in Os cs m m sO P- p- Os cn Ov M
Os’ rn in 2 Os m* p** cs* « o in p^ in « m m Os o* p^ cn pi p^ cn
~ CS CS cs cs cs cs <N
m p* cn in 00 m cn Os O sO so p* cs 00 m mp- fs «n cn p* mm A P o CS P«» o o P* QO cs 00 *0 r~ vo00 o m 00 •n PS W •n Tf m cn •n cs cs sO m cs m in p* ©o' o' o’ o ' o* o' o o ' O* o ' O* o* o* o* o* o* ©* o' o* O
cs in PS p* s* Os p- — SO cs cn SO cn 00 Os p* 2 CN mm
cs 00 cs' mJi Os' PS sO m m in CS* rn SO* SO in Os cs* mm cn cs* rn Ov o* * *“ PS CS — —
< < < < < < <y u u y y y y
2 2 2 2 2 2 2LU u UJ u UJ UJ UJS Z Z Z Z Z Z
< < < < < < <
CA CA CA CA CA CA CA
<u
2  2  u. u. < <
< <  < < <y u  u y  y
2  2  U. U.<  <
at at < < < < < < < < < < <u. u. CA CA CA VI CA CA CA CA CA CA CA
< < 3 3 3 3 3 =J => 3 5 3 3
COCQCQCQEQCQCBq q  — — — Q 3 U U U U U U U U U U U
3 in vC C^
oc ^  ^  «n -
mm CN ® tn m tl- m■n •n 90 ■n •n vO w 90 in p
rn rn rn tn rn tn rn rn rn rn tnCN CN CN CN CN CN CN CN CN CN CN■n m ■n in in in m in in in m
X XXXXXXXXXX
u u o Uu u o u u u u








































































X e X X f i  — CN NO x  in t~- t~~
X X X X
m i n m i n i f i i n i n i n i n i r t i n i f l i n i n i n i n i n i f l i n i n i n i n i n i n i nN M N N N N N N N N N N N N M N N N N M N N N N N
Q t ~ r ~ e ' - p - e ' - C ' - U J U U 3 Q Q - J J _ J J U J U J U J U J





















$  £  
00 o £O £vn £ £  £no CS
£ Be £ *On
cnCN vn vn Oee rnee s
vnr- CSp- CS*P-* CS*r- ©r-
ZOn 2cs 2cs 2o 2cs zCS 2NO 2 2 2
COcs
o ’■NT vn vn eem d in 5
cs cs cs rnvn
9m 'Ccs m vn csr*^ O Os NOCS
r-*cs




















Uc-*- tup«- UJr-* ur- o CUo UJo UJo
ee*m ee*m ee*m ee*m 9m o o2
o








oe csee o vncs cs p




© ©  e'­en c- r- 
— r-’ K
s
mm Os vn 2 vn vn 3 O' cs ee m On — On NO vnNO vn ee cs m vn cs On On cs m
« .
vn C-*CS r* vn NO NO © rn CS r** *T ee
— o d o o o — d — cs* -J — d 3
n  «  n  »  
— in  o  o ’ cs cn —
-T 'T
On’ O’
oe cn in — no in •n CN n; mm CN NO
0 0 in’ in’ 3  m m m m cn On — cn cn in’CN cn cn — CN NO CN CN CN —-
< < Q Q < <
< z Z < < < < < < <cn < < cn cn cn cn cn CO C/33 u u 3 3 3 3 3 3 3
< HHN S < < <
O< < 0 5 2 2
<U
atu  , 2 2 Z 2 Z Z Z Zz z z z z z z z< < < < < < < <
u  u  u  u  a. a. a. a.
2 2 2 2 at at at at3  3  3  3
u j it) U  UJ
3 0 . 0 . 0 . 0 . 0 . 0 . 0 . 0 .
a
NOCN cn
7 5 i ^ - N l o ^ ^ a i S ! ^
» ^ 6 i * i n m N O - o - N n 5 N f i e f ' 0 0  m  U  «  no -  - -  M i n c N O O O O c n m c n m
pa m vn mm cs m00 p^ mm vn vnm p o o o wcs ,o *o vn vn vn vnNO ee ee ee ee
oe in r~~
r -  oo 9  9  T  9*5 w  ki m  <n N
s  ®oe_ _ _ _ _ _ _  cs c-* r*
24 7










































62120 60D203 CA USA
62211 60C202 CA USA
62218 60002 CA USA
62266 60D207 CA USA
62268 9AI01 CA USA
62273 60C101 CA USA
62274 60C203 CA USA
62275 24D404 CA USA
62314 100A206 CA USA
62382 42A304 CA USA
62438 ISC30I CA USA
85082 58-TN-53-4 TN USA
1011086 69B BZ S AMERICA
2068001 LP1 LS ASIA
2068002 LP2 LS ASIA
Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
15.32 56.33N 3.20W 6 25
19.07 56.32N 3.18W 6 25
17.88 6 25
14.23 53.38N 106.13 W 3 25
13.38 53.38N 106.I3W 3 25
14.88 53.38N 106.13 W 3 25
14.29 53.38N I06.13W 3 25
12.31 53.38N 106.I3W 3 25
16.28 47.23N 12I.56W 4 25
15.96 47.03N 84.25W 4 25
22.24 56.19N 2.46W 6 25
14.7 0.77 19.09 38.7N 122.7W 914 1 26 359
13.3 0.988 13.46 38.7N 122.9W 152 1 26 40X
7.8 0.28 27.86 38.7N 122.8W 335 1 26 696
10.7 0.482 22.20 38.7N 122.7W 488 1 26 30X
12.5 0.692 18.06 41.9N 124.1 W 640 1 26 20X
3.2 0.365 8.77 38.7N I22.8W 427 1 26 6%
10.1 0.622 16.24 38.7N 122.9W 305 1 26 109
5.6 0.278 20.14 40.6N 122.6W 427 1 26 6%
16.8 0.758 22.16 36.9N 119.2W 1433 1 26 62X
16.2 1.123 14.43 39.8N 122.7W 1067 1 26 62X
7.3 0.468 15.60 41.IN I21.9W 579 1 26 70?
9.8 0.869 11.28 35.7N 84.2W 320 1 26 50X
10.6 1.196 8.86 3.3S 60.6W 50 1 26 7XX
46.7 3.434 13.60 I9.9N I02.3E 330 1 26
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Profile No, State Country
43076 I00F CA USA
43077 I00G CA USA
43078 I00H CA USA
43079 1001 CA USA
43080 100J CA USA
44001 101 CA USA
44002 102 CA USA
44003 103 CA USA
44004 104 CA USA
44005 105 CA USA
44006 106 CA USA
44007 107 CA USA
44008 108 CA USA
44009 109 CA USA
44010 110 CA USA
44011 111 CA USA
44012 112 CA USA
44013 113 CA USA
44014 114 CA USA
44015 115 CA USA
44017 117 CA USA
44018 118 CA USA
44019 119 CA USA
44020 120 CA USA
44021 121 CA USA
44022 122 CA USA
Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
13.1 0.558 23.48 40.9N 123.9W 366 E 27
10.3 0.59 17.46 40.9N I23.9W 366 E 27
12.4 0.685 18.10 40.9N 123.9W 366 E 27
9.4 0.629 14.94 40.9N I23.9W 366 E 27
10.5 0.372 28.23 40.9N 123.9W 366 E 27
18.2 0.881 20.66 40.3N 124.0W 47 E 27
14.4 0.907 15.88 40.3N 124.0W 53 E 27
16.9 1.076 15.71 40.3N 123.9W 53 E 27
10.9 0.569 19.16 40.3N 123.9W 53 E 27
11.4 0.782 14.58 40.3N 123.9W 52 E 27
15.5 0.883 17.55 40.3N I23.9W 52 E 27
14.8 0.868 17.05 40.3N 123.9W 50 E 27
22.7 1.433 15.84 40.4N I23.9W 49 E 27
16.7 0.96 17.40 40.4N 124.0W 76 E 27
16.5 1.137 14.51 40.3N 124.0W 47 E 27
1,9 0.168 11.31 40.4N 124.0W 152 E 27
4.3 0.222 19.37 40.4N 124.0W 152 E 27
3 0.149 20.13 40.4N 124.0W 152 E 27
0.3 0.014 21.43 40.4N I24.0W 76 E 27
4.7 0.118 39.83 40.4N I24.0W 76 E 27
0.6 0.042 14.29 40.4N I24.0W 76 E 27
3.8 0.131 29.01 40.4N 124.0W 76 E 27
0.7 0.052 13.46 40.4N 124.0W 76 E 27
5.6 0.245 22.86 40.4N 124.0W 76 E 27
8 0.614 13.03 40.4N I24.0W 78 E 27
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Profile No. State Country Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
6241S 27A417 CA USA 18.7 1.327 14.09 40.8N 124.IW 91 1 E 27 70X
62416 27DI13 CA USA 38.7 2.34 16.54 40.7N 124.1W 488 1 E 27 511
62417 29B2II CA USA 16.9 0.872 19.38 40.4N I23.9W 213 1 E 27 70X
62418 10D402 CA USA 12.6 0.499 25.25 41.IN 124.1W 366 1 E 27 70X
62420 61C403 CA USA 13.4 0.734 18.26 38.6N 123.3W 305 1 E 27 70X
62421 10D40I CA USA 17.7 0.929 19.05 41.IN 124.1W 213 1 E 27 70X
62422 6IC401 CA USA 12.1 0.476 25.42 38.6N 123.3W 91 1 E 27 70X
62424 9A402 CA USA 36.6 1.869 19.58 4I.8N 124.1W 122 1 E 27 75X
6242S 27A401 CA USA 21.2 1.133 18.71 40.8N 124.1W 152 1 E 27 70X
62426 6ICI01 CA USA 15.2 0.982 15.48 38.7N I23.3W 335 1 E 27 70X
62427 26C32I CA USA 24.4 1.306 18.68 40.6N 123.9W 366 1 E 27 70X
62428 27AI0I CA USA 28.2 1.344 20.98 40.9N 124.1 W 152 1 E 27 70X
62429 27C40I CA USA 21.5 1.394 15.42 40.6N 124.3W 91 1 E 27 70X
62432 22B202 CA USA 24.9 1.099 22.66 40.9N 121.9W 914 1 E 27 70X
62433 61CI02 CA USA 7.8 0.573 13.61 38.7N 123.3W 213 1 E 27 70X
62434 24C105 CA USA 9.7 0.66 14.70 40.7N 122.8W 671 1 E 27 75X
62433 9D10I CA USA 14.3 0.617 23,18 4I.7N 124.1W 671 1 E 27 75X
62437 27C4I4 CA USA 36.7 2.756 13.32 40.6N 124.3W 244 1 E 27 7IX
63002 I5D402 CA USA 13.7 0.857 15.99 41.IN 121.6W 1006 1 E 27 4XX
63006 I5DI02 CA USA 15.4 0.627 24.56 4I.2N 121.6W 1006 1 E 27 400
63007 68A410 CA USA 11.3 0.493 22.92 38.3N 120.6W 518 1 E 27 10X
63008 24C107 CA USA 4.2 0.326 12.88 40.7N 122.8W 884 1 E 27 50
63010 39C10I CA USA 15.8 0.718 22.01 39.7N 12I.3W 1067 1 E 27 50
63011 40A204 CA USA 13.7 0.585 23.42 39.9N I21.7W 945 1 E 27 3XX
63014 14C107 CA USA 10.2 0.422 24.17 4I.2N I22.3W 914 1 E 27 10X













Profile No. State Country Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
63016 50B1I0 CA USA 20 0.684 29.24 39.4N I2I.3W 671 1 E 27 6%
63017 68A409 CA USA 17.8 0.78 22.82 38.3N 120.6W 701 1 E 27 10X
63018 40AI04 CA USA 23.1 0.754 30.64 39.9N I2I.6W 975 1 E 27 I0X
63019 14B402 CA USA 20.3 1.193 17.02 4I.3N 122.3W 1006 1 E 27 3XX
63024 I4CI06 CA USA 28.9 0.84 34.40 4I.2N 122.3W 884 1 E 27 I0X
6302S 22A203 CA USA 12.5 0.625 20.00 40.9N 121.7W 975 1 E 27 400
63026 I4CI05 CA USA 11.3 0.534 21.16 4I.2N 122.3W 884 1 E 27 200
63027 14C108 CA USA 8.9 0.535 16.64 41.2N 122.3W 884 1 E 27 200
630S2 24C202 CA USA 6.7 0.524 12.79 40.7N I22.9W 640 1 E 27 620
63054 24C109 CA USA 9 0.69 13.04 40.7N 122.8W 640 1 K 27 510
63057 24C205 CA USA 9.6 0.794 12.09 40.7N I22.9W 549 1 E 27 620
63073 I4A402 CA USA 45.1 2.815 16.02 4I.3N 122.1W 1036 1 E 27 7XX
63074 25D302 CA USA 7.6 0.464 16.38 40.6N 123.2W 792 1 E 27 58X
73025 I4U AL USA 10 0.191 52.36 30.7N 87.8W 60 1 K 27
73026 I4B AL USA 8.1 0.172 47.09 30.7N 87.8W 60 1 9 27
73034 18B LA USA 9 0.224 40.18 3I.9N 92.3W 60 1 ? 27
77001 24A4 CA USA 13.1 1.165 11.24 40.8N 122.6W 900 I D 27
77003 39B2 CA USA 9.5 0.381 24.93 39.9N I2I.4W 1200 1 D 27
77004 40A4 CA USA 22.9 0.811 28.24 39.8N I2I.6W 750 1 D 27
85072 55-GA-89-2 USA 5.5 0.223 24.66 3I.9N 81.4W 100 1 9 27
1008001 50 CL S AMERICA 32.4 1.842 17.59 6.3N 73.5W 2400 1 ? 27
1008002 51 CL S AMERICA 25.9 1.336 19.39 6.3N 73.5W 2400 1 9 27
1008003 52 CL S AMERICA 38.9 2.841 13.69 6.3N 73.5W 2370 1 ? 27
1008004 53 CL S AMERICA 28.8 1.518 18.97 6.3N 73.5W 2420 1 ? 27
1008005 54 CL S AMERICA 22.8 1.368 16.67 6.3N 73.5W 2400 1 9 27












Profile No. State Country
1008007 56 CL S AMERICA 
USA
2070036 BTI.36 TL ASIA
2070066 BT2.66 TL ASIA
1003088 I88BZ BZ S AMERICA
4005005 PH05 TZ AFRICA
2004005 420VN VN ASIA
2002005 38IC TL ASIA
2070032 BTI.32 TL ASIA
2070050 BT2.50 TL ASIA
2001006 375 TL ASIA
2003021 398A TL ASIA
2070020 BTI.20 TL ASIA
2002001 38IA TL ASIA
2070062 BT2.62 TL ASIA
2070012 BTI.I2 TL ASIA
1013001 1 CL S AMERICA
2003014 396 TL ASIA
2004006 420AVN VN ASIA
59008 UI30PN HO TROPICS
8001046 47ML ML INDONESIA
7004009 62-HA-l-l HA INDONESIA
2070072 BT2.72 TL ASIA
2070019 BT1.19 TL ASIA
2070034 BTI.34 TL ASIA
2070022 BTI.22 TL ASIA
Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
36.7 2.311 15.88 6.3N 73.5W 2400 1 7 27
26.29 29.44N 82.30W 4 27
3.2 0.204 15.69 I8.7N I00.0E 400 1 Y 29 SOX
6.1 0.387 15.76 19.6N 98.2E 750 1 Y 29 50X
14.5 0.918 15.80 1.6S 48.2W 100 1 Z 29
56.9 3.591 15.85 8.1S 35.9E 1750 1 Q 29
4.4 0.277 15.88 11.4N 106.9E 200 1 $ 29
3.5 0.219 15.98 14.5N 101.9E 400 1 S 29
9,3 0.58 16.03 19.6N I00.0E 540 1 Y 29
6 0.374 16.04 17.9N 100.0E 300 1 Y 29 OOX
14.7 0.915 16.07 18.3N 98. IE 700 1 S 29
1.7 0.105 16.19 18.8N 99.9E 300 1 S 29
10.8 0.664 16.27 18.2N 98.5E 340 1 Y 29 50X
5 0.304 16.45 14.5N 101.9E 400 1 $ 29
7.9 0.48 16.46 19.0N 98.0E 560 I Y 29 50X
5.6 0.336 16.67 I8.2N 98.3E 1040 1 Y 29 50X
19.9 1.183 16.82 6.5N 77.0W 130 1 Y 29
14.7 0.87 16.90 18.8N 98.9E 1600 I $ 29
9.5 0.56 16.% II. 4N I06.9E 200 1 $ 29
22.7 1.338 16.97 8.IN 8 LOW 100 1 $ 29
6.3 0.365 17.26 2.8N I0I.9E 200 1 $ 29
97.5 5.632 17.31 20.0N I55.5W 660 1 ? 29 7XX
12.8 0.737 17.37 I7.2N 99.0E 340 1 Y 29 510
5.2 0.299 17.39 18.2N 98.3E 1070 1 Y 29 50X
3.1 0.177 17.51 18.7N I00.0E 350 1 Y 29 SOX
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Profile No. State Country Carbon
58006 U326HO HO TROPICS 10
S8002 U312HO HO TROPICS 19.7
57001 U231GU GU TROPICS 42.3
2003001 388 TL ASIA 6.4
10I302S 25 CL S AMERICA 31.4
2070010 BTI.I0 TL ASIA 3.7
1004003 U517CL CL S AMERICA 19.3
1001028 PV05BZ BZ S AMERICA 27.8
1004009 U529CL CL S AMERICA 20.7
1002045 SM5IBZ BZ S AMERICA 21
S8009 U33IHO HO TROPICS 22.8
58005 U3I9HO HO TROPICS 16.5
1001027 PV04BZ BZ S AMERICA 59.6
58010 U332HO HO TROPICS 17.8
S90I0 UI32PN HO TROPICS 32
58004 U3I8HO HO TROPICS 33.4
59007 UI29PN HO TROPICS 19.6
2070071 BT2.7I TL ASIA 5.5
2070013 BT1.13 TL ASIA 22.1
2070017 BTI.I7 TL ASIA 3.8
59003 UI25PN HO TROPICS 27.9
1004010 U530CL CL S AMERICA 14
59005 UI27PN HO TROPICS 36.4
58003 U3I6HO HO TROPICS 18
59009 UI3IPN HO TROPICS 36
59004 UI26PN HO TROPICS 34.2
Nitrogen C:N Lat Long Elevation Source Hold OET Geology
Ratio
0.443 22.57 15.5N 87.8W 100 $ 29
0.871 22.62 I5.5N 87.8W 100 s 29
1.849 22.88 15.5N 89.0W 100 s 29
0.278 23.02 16.9N 99.1E 200 $ 29
1.356 23.16 6.5N 77.0W 2140 Y 29
0.158 23.42 18.2N 98.4E 835 Y 29 50X
0.814 23.71 7.2N 76.5W 100 # 29
1.164 23.88 90S 63.7 W 100 Z 29
0.83 24.94 7.2N 76.5W 100 # 29
0.836 25.12 2.0S 53.7W 100 s 29
0.902 25.28 15.5N 87.8W 100 s 29
0.644 25.62 15.5N 87.8W 100 $ 29
2.31 25.80 9.0S 63.7W too z 29
0.673 26.45 I5.5N 87.8W 100 s 29
1.209 26.47 8.IN 8 LOW 100 $ 29
1.249 26.74 15.5N 87.8W 100 $ 29
0.689 28.45 8.1N 8 LOW 100 s 29
0.191 28.80 19.3N 98.5E 1060 Y 29 68X
0.742 29.78 18.IN 98.0E 500 Y 29 50X
0.124 30.65 I8.8N 98.0E 640 Y 29 50X
0.909 30.69 8.IN 8 LOW 100 $ 29
0.45 31.11 7.2N 76.5W 100 # 29
1.155 31.52 8.1N 8 LOW 100 $ 29
0.564 31.91 15.5N 87.8W 100 $ 29
1.0% 32.85 8.IN 8 LOW 100 $ 29
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Profile No. State Country Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
60126 61 CA USA 22.9 1.94 11.80 39.4N 120.3W 1490 1 C 40
60165 54 CA USA 8.5 0.413 20.58 40.4N 120.4W 1234 1 C 40
62368 28A416 CA USA 26 2 13.00 40.3N 124. IW 792 1 C 40 500
62377 26B10S CA USA 14.3 1.364 10.48 40.9N 123.8W 640 1 C 40 SOX
62378 29C401 CA USA 12.6 1.008 12.50 40. IN 123.8W 610 1 C 40 500
62387 28B102 CA USA 29.1 2.365 12.30 40.4N 124.3W 152 1 C 40 663
62454 28B401 CA USA 28.8 2.381 12.10 40.3N 124.3W 122 1 C 40 7IX
85006 62-OR-29-1 OR USA 55.4 5.721 9.68 45.5N 123.9W 13 1 ? 40 7XX
85012 62-NH-l-l NH USA 6.5 0.381 17.06 43.4N 71.4W 400 1 ? 40 5XX
85017 60-MA-2-7 MA USA 5.7 0.389 14.65 42.5N 73.3W 350 1 ? 40 7XX
85026 54-ND-53-1 USA 12.7 0.572 22.20 48.5N 103.5W 580 1 ? 40 72X
85028 58-MT-23-1 USA 25.8 1.93 13.37 47.0N 110.3W 1600 1 ? 40 50X
85030 64-ND-6-6 USA 7 0.616 11.36 46.2N 103.5W 915 1 ? 40 7XX
85038 65-NB-91-I USA 15.1 1.198 12.60 40.2N 98.5W 605 1 7 40 76X
85046 67-UT-18-1 USA 9.9 0.817 12.12 40.5N 112.0W 2350 1 ? 40 52X
85049 64-OR-32-6 USA 15.4 1.06 14.53 45.4N 117.2W 1460 1 ? 40 76X
85096 62-MT-3-11 USA 9 0.498 18.07 48.5N 109.0W 1500 1 ? 40 72X
86012 64-WA-10-2 WA USA 46.1 2.952 15.62 49.0N 118.7W 900 1 7 40 4XX
87003 57-WA-32-3 WA USA 24.6 2.068 11.90 47.4N 117.8W 701 1 C 40 7XX
2034001 60.01 SB ASIA 15.6 1.099 14.19 56.4N 63.7E 200 1 C 40
2034002 60.02 SB ASIA 18.9 0.958 19.73 55.2N 63.2E 200 1 c 40
2034003 60.03 SB ASIA 9.4 0.499 18.84 54.9N 64.4E 200 1 c 40
2034004 60.04 SB ASIA 13.7 0.598 22.91 56.3N 63.9E 200 1 c 40
2034005 60.05 SB ASIA 23.8 1.817 13.10 55.3N 75.6E 200 1 c 40
2034006 60.06 SB ASIA 13.1 1.323 9.90 55.3N 74.3E 200 1 c 40












Profile No, Stale Country
2034008 60,08 SB ASIA
2034009 60.1 SB ASIA
2034010 60.11 SB ASIA
2034011 60.12 SB ASIA
2034012 60.13 SB ASIA
2034013 60.14 SB ASIA
2034014 60.15 SB ASIA
2034013 60.16 SB ASIA
2034016 60.17 SB ASIA
2034017 60.18 SB ASIA
2033001 74.01 SB ASIA
2033004 74.04 SB ASIA
2033003 74.05 SB ASIA
2033006 74.06 SB ASIA
2033007 74.07 SB ASIA
2033008 74.08 SB ASIA
203S009 74.09 SB ASIA
2033010 74.1 SB ASIA
2033011 74.11 SB ASIA
2033012 74.12 SB ASIA
2033013 74.13 SB ASIA
2033014 74.14 SB ASIA
2033015 74.15 SB ASIA
2036001 91.01 SB ASIA
2036002 91.02 SB ASIA
2036003 91.03 SB ASIA
Caibon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
16.6 1.563 10.62 56. IN 69.4E 200 C 40
17.1 1.444 11.84 57.2N 65.5E 200 c 40
14.1 1.144 12.33 55.3N 78.3E 200 c 40
21.6 1.882 11.48 55.7N 76.7E 200 c 40
18.6 1.523 12.21 55.2N 80.3E 200 c 40
15.5 1.278 12.13 50. IN 73.7E 750 c 40
23.1 1.358 14.83 55.0N 74.1E 200 c 40
23.9 1.363 15.27 54.9N 73.9E 200 c 40
26.7 1.942 13.75 55.3N 74.3E 200 c 40
22.1 1.304 16.95 54.6N 82.2E 200 c 40
22.4 1.04 21.54 55.8N 65.5E 200 c 40
23.1 1.309 15.31 54.9N 71.9E 200 c 40
17.2 1.357 12.68 54.7N 73.0E 200 c 40
16.8 1.484 11.32 55.0N 73.4E 100 c 40
14.2 0.9 15.78 54.2N 74.9E 200 c 40
26.2 1.845 14.20 54.5N 79.7 E 200 c 40
27.2 2.151 12.65 54.5N 79.7E 200 c 40
23.3 2.234 10.43 54.9N 71.9E 200 c 40
22.2 1.438 15.23 54.9N 71.9E 200 c 40
27.8 2.24 12.41 53.7N 73.8E 375 c 40
24.4 1.953 12.49 55.0N 74. IE 200 c 40
24.5 2.158 11.35 55.4N 74.8E 200 c 40
17.2 1.11 15.50 54.5N 79.7E 200 c 40
21.9 1.681 13.03 54.7N 62.9E 200 c 40
21.5 1.369 15.70 55.3N 65.9E 200 c 40
20.5 0.932 22.00 54.3N 63.9E 200 c 40
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Profile No. State Country
2036004 91.04 SB ASIA
2036005 91.05 SB ASIA
2036006 91.06 SB ASIA
2036007 91.07 SB ASIA
2036008 91.08 SB ASIA
2036009 91.09 SB ASIA
2036010 91.1 SB ASIA
2036011 91.11 SB ASIA
2036012 91.12 SB ASIA
2036013 91.13 SB ASIA
2036014 91.14 SB ASIA
2036015 91.15 SB ASIA
2036016 91.16 SB ASIA
2036017 91.17 SB ASIA
2036018 91.18 SB ASIA
2036019 91.19 SB ASIA
2036020 912 SB ASIA
2036021 91.21 SB ASIA
2037001 104.01 SB ASIA
2037002 104.02 SB ASIA
2037003 104.03 SB ASIA
2037004 104.04 SB ASIA
2037005 104.05 SB ASIA
2037007 104.07 SB ASIA
2037008 104.08 SB ASIA
2037009 104.09 SB ASIA
Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
20 1.34 14.93 54.7N 62.9E 200 C 40
18.1 1.125 16.09 55.5N 65.3E 200 C 40
20.2 1.09 18.53 55.2N 67.2E 200 C 40
24.3 1.366 17.79 55.2N 67.2E 200 C 40
17.7 1.738 10.18 54.9N 75.1E 200 C 40
21.9 1.76 12.44 56. IN 74.7E 200 C 40
10.4 0.92 11.30 54.9N 75. IE 200 C 40
11.4 1.12 10.18 54.4N 73.5E 200 C 40
28.2 2.827 9.98 56.5N 73.6E 200 C 40
12.7 0.984 12.91 56.5N 73.6E 200 C 40
18 1.32 13.64 55.6N 71.3E 200 C 40
6.9 0.743 9.29 55.6N 71.3E 200 C 40
28.7 2.555 11.23 55.4N 74.3E 200 C 40
23.8 2.989 7.% 55.4N 74.3E 200 C 40
21.4 2.211 9.68 55.5N 7S.0E 200 C 40
22.3 1.624 13.73 55.5N 75.0E 200 C 40
19.5 1.6% 11.50 55.7N 76.7E 200 c 40
27.2 1.335 20.37 54.7N 76.6E 200 c 40
15.3 1.763 8.68 55.2N 63.2E 200 c 40
14.9 0.737 20.22 55.6N 71.3E 200 c 40
22 1.043 21.09 55.6N 71.3E 200 c 40
9.6 0.944 10.17 54.9N 75. IE 200 c 40
15 1.742 8.61 56.5N 73.6E 200 c 40
14.1 1.138 12.39 55.6N 71.3E 200 c 40
1.5 0.156 9.62 55.6N 71.3E 200 c 40



























No. Stale Country Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold
104.1 SB ASIA 9.6 1.053 9.12 55.3N 78.3E 200 C
104.16 SB ASIA 7.9 0.707 11.17 55.3N 65.9E 200 c
128.01 SB ASIA 7.9 0.755 10.46 56.2N 61.5E 200 c
128.02 SB ASIA 8.4 0.554 15.16 55.9N 68.3E 200 c
128.03 SB ASIA 4.7 0.338 13.91 55.0N 73.4E 200 c
128.04 SB ASIA 5.2 0.972 5.35 55.9N 72.2E 200 c
128.06 SB ASIA 4.2 0.502 8.37 55.9N 68.3E 200 c
128.07 SB ASIA 12.7 0.91 13.96 56.3N 66.2E 200 c
128.08 SB ASIA 7.8 0.516 15.12 55.6N 71.3E 200 c
128.09 SB ASIA 4.4 0.196 22.45 55.6N 71.3E 200 c
128.1 SB ASIA 4.3 0.516 8.33 56.5N 75.6E 200 c
128.11 SB ASIA 17.1 1.306 13.09 56.5N 75.6E 200 c
128.13 SB ASIA 6.8 0.59 11.53 55.6N 71.3E 200 c
128.14 SB ASIA 8.6 0.804 10.70 55.6N 71.3E 200 c
128.15 SB ASIA 15.1 2.071 7.29 55.6N 71.3E 200 c
161.03 SB ASIA 30.4 1.278 23.79 57.3N 73.7E 200 c
161.05 SB ASIA 15.7 1.05 14.95 53.5N 85.5E 375 c
161.06 SB ASIA 22.1 0.779 28.37 52.6N 85.3E 200 c
161.07 SB ASIA 31.8 1.218 26.11 52.3N 86.2E 200 c
161.08 SB ASIA 17.2 1.6 10.75 53.0N 84.7E 375 c
161.1 SB ASIA 32.4 1.853 17.49 53.9N 86.7E 375 c
161.11 SB ASIA 37 2.4 15.42 56.2N 88.5E 200 c
161.12 SB ASIA 29.8 1.162 25.65 56.2N 88.5E 200 c
161.13 SB ASIA 22.5 1.414 15.91 56.2N 87.7E 200 c
161.14 SB ASIA 22.6 1.354 16.69 55.5N 83.3E 200 c
161.15 SB ASIA 20.7 1.664 12.44 53.7N 91.7E 375 c
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Profile No. Slate Country Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
85063 62-IL-44-1 USA 4.8 0.319 15.05 37.2N 88.6W 200 1 7 41 76X
85078 61-MS-12-2 USA 2.4 0.256 9.38 32.1N 88.8W 50 1 7 41 7XX
85093 64-AZ-2-18 USA 3.7 0.252 14.68 32.3N 109.8W 1300 1 7 41 7XX
85097 64-AZ-2-28 USA 2.2 0.233 9.44 32.3N 109.7W 1360 1 7 41 7XX
85101 60-NM-7-4 USA 1.4 0.059 23.73 32.3N 106.8W 1500 1 7 41 7XX
85121 67-CA-33-2 USA 10.1 0.736 13.72 33.9N 1I7.2W 540 1 7 41 50X
85122 64-CA-37-8 USA 7 0.609 11.49 33.4N II7.4W 44 1 7 41 50
6005077 61-PR-10-I CAR1B 23.3 2.017 11.55 I8.2N 66.3W 350 1 7 41 35X
6005083 58-PR-4-4 CAR1B 111 1.054 10.53 18.2N 66.2W 350 1 7 41 7XX
24001 459 OR USA 10.9 0.833 13.09 45.7N I21.5W 27 1 I 30
24002 460 OR USA 6.9 0.579 11.92 45.7N I21.5W 27 1 I 30
24005 463 OR USA 9.3 0.953 9.76 45.7N 121.5W 27 1 I 30
60024 55 CA USA 2.8 0.184 15.22 40.4N 120.5W 1250 1 I 30
60053 66 CA USA 8.5 0.343 24.78 42.0N 122.7W 878 1 I 30
60054 66 CA USA 6.7 0.261 25.67 42.0N I22.6W 866 1 I 30
62356 28A2I0 CA USA 24 1.683 14.26 40.4N I24.2W 427 1 1 30 500
87004 57-WA-32-4 WA USA 15.4 1.221 12.61 47.4N I17.8W 710 1 D 30 7XX
90001 CTI CN USA 122.5 2.15 56.98 75.0N I35.0W 50 1 E 44 8XX
90002 CT2 CN USA 96.3 2.343 41.10 58.0N 95.0W 50 1 E 44 8XX
90003 CT3 CN USA 432.9 19.66 22.02 58.0N 95.0W 50 1 E 44 8XX
3004006 29 NR EUROPE 50.4 3.471 14.52 6I.5N I0.0E 300 1 8 44
3004017 43 NR EUROPE 183.6 7.103 25.85 62.5N 6.7E 15 1 9 44 8XX
1002043 SM49BZ BZ S AMERICA 124 6.589 18.82 2.2S 49.2W 100 1 45
1002046 SM52BZ BZ S AMERICA 8.8 1.053 8.36 0.8S 48.7W 100 1 45
1003009 I09BZ BZ S AMERICA 9.3 1.549 6.00 0.9S 47.2W 10 1 45












Profile No, State Country
1003011 IIIBZ BZ S AMERICA
1003115 2I5BZ BZ S AMERICA
2005002 425 TL ASIA
2005006 428AVN VN ASIA
2005007 428BVN VN ASIA
2005008 428CVN VN ASIA
2073001 JY01 II ASIA
8001021 22ML INDONESIA
73001 SC USA
73002 s c USA
73003 s c USA















Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
22.3 1.583 14.09 0.9S 47.2W 10 45
5.3 0.556 9.53 4.2S 40.6W 350 45
21.4 0.497 43.06 12.3N 102.2E 0 45
9.6 0.43 22.33 I0.4N 107. IE 2 45
6.8 0.242 28.10 I0.4N I07.1E 2 45
11.9 0.426 27.93 10.4N 107. IE 2 45
5.5 0.222 24.77 I4.0N 74.5 E 3 $ 45
34.7 2.061 16.84 5.IN I00.4E 0 45
13.1 0.263 49.81 33.0N 80.2W 60 K
10.5 0.209 50.24 33.ON 80.2W 60 ? 27
9.1 0.269 33.83 32.5N 8 LOW 60 K 27
7.9 0.208 37.98 32.5N 8 LOW 60 ? 27
7.1 0.198 35.86 31.2N 82.4W 60 K 27
8.6 0.239 35.98 3I.2N 82.4W 60 7 27
5.3 0.152 34.87 3 LON 82. IW 60 K 27
7.5 0.1% 38.27 3 LON 82. IW 60 7 27
3.7 0.135 27.41 30.2N 82.6W 60 K 27
4.9 0.134 36.57 30.2N 82.6W 60 7 27
5 0.195 25.64 29.9N 82. IW 60 K 27
3.4 0.171 19.88 29.9N 82. IW 60 7 27
4.4 0.136 32.35 30. IN 82.2W 60 K 27
4.2 0.138 30.43 30. IN 82.2W 60 7 27
4.7 0.117 40.17 29.6N 82.8W 60 K 27
5.6 0.132 42.42 29.6N 82.8W 60 ? 27
13.1 0.262 50.00 27.9N 8 I.8W 60 K 27
4.7 0.091 51.65 32.5N 82.6W 60 K 27





















































Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
4.4 0.183 24.04 32.5N 82.6W 60 1 ? 27
5.1 0.132 38.64 30.8N 85.5W 60 1 K 27
5.1 0.127 40.16 30.8N 85.5W 60 1 ? 27
6.2 0.22 28.18 3I.4N 88.5W 60 1 K 27
6.8 0.169 40.24 31.4N 88 5W 60 1 ? 27
4.7 0.136 34.56 30.9N 89. IW 60 1 K 27
8.5 0.17 50.00 30.9N 89. IW 60 1 7 27
8.1 0.164 49.39 30.7N 89.6W 60 1 K 27
8.7 0.166 52.41 30.7N 89.6W 60 1 ? 27
8.8 0.207 42.51 3I.9N 92.3W 60 1 K 27
18.1 0.527 34.35 64.9N 157.2W 180 1 7 64 7XX
18.3 0.541 33.83 64.9N I57.2W 180 1 ? 64 7XX
6.9 0.379 18.21 65.0N I57.2W 450 1 7 64 7XX
16.5 0.771 21.40 64.9N I57.2W 180 1 7 64 7XX
22 1.067 20.62 61.6N 149. IW 200 1 7 64 7XX
5.8 0.219 26.48 51.2N 4.8E 20 1 7 64 73X
45.8 2.179 21.02 62.5N 6.7E 20 1 9 64
18.2 1.144 15.91 62.5N 6.7E 20 1 9 64
15.2 0.497 30.58 71.ON 25.5E 10 1 7 64
19.97 6 64
24.35 2 64
21.86 56.24N 3.19W 2 64
33.01 6 64
16.25 2 64
19.14 56.3 IN 3.10W 2 64
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Profile No. State Country
2032016 50.I6SB SB ASIA
2032017 50.I7SB SB ASIA
2032018 50.I8SB SB ASIA
2033004 52.04SB SB ASIA
2033005 52.05SB SB ASIA
2033006 52.06SB SB ASIA
2033007 52.07SB SB ASIA
2033008 S2.08SB SB ASIA
2033009 52.09SB SB ASIA
2033010 52.I0SB SB ASIA
2033011 52.11 SB SB ASIA
2033012 52.I2SB SB ASIA
2040001 142.01 SB ASIA
2040002 142.02 SB ASIA
2040003 142.03 SB ASIA
2040004 142.04 SB ASIA
2040005 142.05 SB ASIA
2040009 142.09 SB ASIA
2055004 IG20 SB ASIA
2056002 VK305 SB ASIA
2056003 VK307 SB ASIA
2056004 VK3I2 SB ASIA
2056005 VK3I9 SB ASIA
2056006 VK33I SB ASIA
2056007 VK335 SB ASIA
2058001 MSI SB ASIA
Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
8.8 1.102 7.99 52.3N 104.2E 375 7
19.9 1.759 11.31 52.3N 104.2E 375 7
3.8 0.175 21.71 52.3N I04.2E 375 7
33.8 2.638 12.81 52.9N 89.9E 375 7
27.7 3.179 8.71 54.2N 91.5E 375 7
19.8 1.284 15.42 53.7N 91.7E 375 7
15.5 0.555 27.93 53.7N 91.4E 375 7
21.2 1.018 20.83 54.2N 90.2E 375 7
11.7 1.18 9.92 54.9N 99.0E 375 7
12.2 1.616 7.55 54.9N 99.0E 375 7
20.7 1.767 11.71 54.9N 98.0E 375 7
19.5 1.731 11.27 54.9N 99.0E 375 7
11 0.525 20.95 55.9N 72.7E 200 C
15 0.502 29.88 55.9N 72.7E 200 C
10.6 1.214 8.73 55.0N 73.4E 200 c
21.8 0.586 37.20 58.0N 69.0E 200 c
16.6 1.293 12.84 56.4N 75.2E 200 c
15.7 0.523 30.02 55.2N 80.3E 200 c
16.9 2.28 7.41 59.2N 87.5E 175 7
9.7 0.896 10.83 57.0N 86.7E 8
8.5 0.736 11.55 57.0N 86.7E 8
9.1 0.839 10.85 57.0N 86.7E 420 8
9.2 0.504 18.25 57.0N 86.7E 8
II 0.877 12.54 57.0N 86.7E 500 8
13.4 0.864 15.51 57.0N 86.7E 8
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Profile No, State Country Carbon
1002029 SM34BZ BZ S AMERICA 3.7
1002033 SM38BZ BZ S AMERICA 10.4
1002034 SM39BZ BZ S AMERICA 6.1
1002033 SM40BZ BZ S AMERICA 6.4
1002036 SM41BZ BZ S AMERICA 9.1
1002037 SM42BZ BZ S AMERICA 7.9
1002038 SM43BZ BZ S AMERICA 15.5
1002042 SM47BZ BZ S AMERICA 13.9
1002047 SM33BZ BZ S AMERICA 12.1
1003001 I0IBZ BZ S AMERICA 13.3
1003002 I02BZ BZ S AMERICA 8.3
1003003 I03BZ BZ S AMERICA 4.2
1003004 I04BZ BZ S AMERICA 8
1003006 I06BZ BZ S AMERICA 3.5
1003007 107BZ BZ S AMERICA 4.6
1003008 I08BZ BZ S AMERICA 4.2
1003012 I12BZ BZ S AMERICA 10.2
1003014 I14BZ BZ S AMERICA 11.4
1003013 I15BZ BZ S AMERICA 6.8
1003016 II6BZ BZ S AMERICA 6
1003017 117BZ BZ S AMERICA 13.3
1003019 I19BZ BZ S AMERICA 4.7
1003023 I2SBZ BZ S AMERICA 22.8
1003026 I26BZ BZ S AMERICA 17.1
1003028 I28BZ BZ S AMERICA 13.7
1003030 130BZ BZ S AMERICA 10.3
Nitrogen C:N Lat Long Elevation Source Hold OET Geology
Ratio
0.384 9.64 0.9N 52. IW 100 1 z 43
1.054 9.87 3.8S 47.7W 350 1 z 43
0.645 9.46 3.4S 47.7W 350 1 z 43
0.702 9.12 2.1S 47.7W 350 1 z 43
0.98 9.29 5.2S 47.5W 350 1 z 43
0.72 10.97 2.1S 47.7W 100 1 s 29/43
1.087 14.26 0.8S 48.7W 100 1 $ 29/43
0.999 13.91 2.IS 47.7W 100 1 $ 29/43
0.877 13.80 2.7S 54.7W 100 1 s 29/43
1.171 11.36 2.5S 48.2W 100 1 z 29/43
0.752 11.04 2.5S 48.2W 100 1 z 29/43
0.332 12.65 2.5S 48.2W 100 1 z 29/43
0.777 10.30 0.9S 47.2W 10 I z 29/43
0.307 11.40 0.9S 47.2W 10 58 z 43
0.309 14.89 0.9S 47.2W 10 1 z 29/43
0.265 15.85 0.9S 47.2W 10 58 z 43
1.072 9.51 3.2S 60.3 W 100 1 z 29/43
0.82 13.90 3.2S 60.3 W 100 1 z 29/43
0.715 9.51 3.2S 60.3 W 100 1 z 29/43
0.507 11.83 3.2S 60.3 W 100 1 z 29/43
1.112 11.96 3.2S 60.3W 100 1 z 29/43
0.396 11.87 3.2S 60.3 W 100 1 z 29/43
1.965 11.60 3.2S 60.3W 100 1 z 29/43
1.103 15.50 3.2S 60.3W 100 1 z 29/43
0.917 14.94 3.2S 52.2W 100 1 z 29/43













Profile No. State Country Carbon
1003031 13IBZ BZ S AMERICA 4.4
1003032 132BZ BZ S AMERICA 8.5
1003038 I38BZ BZ S AMERICA 6.8
1003039 I39BZ BZ S AMERICA 7.7
1003040 I40BZ BZ S AMERICA 6.6
1003041 141BZ BZ S AMERICA 5
1003043 143BZ BZ S AMERICA 9.3
1003044 144BZ BZ S AMERICA 9.5
I00304S 145BZ BZ S AMERICA 13.6
1003047 147BZ BZ S AMERICA 7.2
1003048 I48BZ BZ S AMERICA 6.4
1003050 I50BZ BZ S AMERICA 4.9
I0030SI 15 (BZ BZ S AMERICA 7.2
1003054 I54BZ BZ S AMERICA 10.6
1003055 I55BZ BZ S AMERICA 9.9
1003056 I56BZ BZ S AMERICA 10.8
1003058 I58BZ BZ S AMERICA 7.7
1003059 I59BZ BZ S AMERICA 8.4
1003060 160BZ BZ S AMERICA 6.5
1003061 I6 IBZ BZ S AMERICA 5.8
1003062 I62BZ BZ S AMERICA 12.5
1003064 I64BZ BZ S AMERICA 6.7
1003066 I66BZ BZ S AMERICA 7
1003067 167BZ BZ S AMERICA 10.4
1003068 168BZ BZ S AMERICA 4.4
1003069 169BZ BZ S AMERICA 21.5
Nitrogen C:N Lat Long Elevation Source Hold OET Geology
Ratio
0.415 10.60 3.2S 52.2W 100 z 29/43
0.589 14.43 6.9S 42.8W 350 z 29/43
0.636 10.69 0.3N 5I.7W 150 z 29/43
0.687 11.21 0.3N 51.7W 150 z 29/43
0.515 12.82 0.3N 5I.7W 150 z 29/43
0.511 9.78 0.3N 5I.7W 150 z 29/43
0,965 9.64 0.3N 5I.7W 150 z 29/43
1.046 9.08 0.3N 51.7W 40 z 29/43
1.438 9.46 2.5S 60.0W 150 z 29/43
0.612 11.76 2.5S 60.0W 150 z 29/43
0.62 10.32 2.5S 60.0W 150 z 29/43
0.508 9.65 2.5S 60.0W 70 z 29/43
0.524 13.74 2.5S 60.0W 70 z 29/43
1.047 10.12 I.9S 54.8W 100 z 29/43
1.009 9.81 I.9S 54.8W 100 z 29/43
1.016 10.63 I.9S 54.8W 100 z 29/43
0.588 13.10 I.9S 54.8W 100 z 29/43
0.916 9.17 I.9S 54.8W 100 z 29/43
0.56 11.61 I.9S 54.8W 100 z 29/43
0.456 12.72 1.9S 54.8W 100 z 29/43
0.972 12.86 I.9S 54.8W 100 z 29/43
0.68 9.85 I.9S 54.8W 100 z 29/43
0.739 9.47 1.9S 54.8W 100 z 29/43
0.728 14.29 1.8S 50.2W 100 z 29/43
0.384 11.46 I.8S 50.2W 100 z 29/43












Profile No, State Country Carbon
1003075 I75BZ BZ S AMERICA 12
1003078 178BZ BZ S AMERICA 41.6
1003079 I79BZ BZ S AMERICA 7.2
1003080 I80BZ BZ S AMERICA 7
1003081 I8 IBZ BZ S AMERICA 7.3
1003082 182BZ BZ S AMERICA 8.2
1003083 I83BZ BZ S AMERICA 9.1
1003087 I87BZ BZ S AMERICA 7.4
1003089 I89BZ BZ S AMERICA 28.1
1003090 I90BZ BZ S AMERICA 11.6
1003091 I9IBZ BZ S AMERICA 10.7
1003092 192BZ BZ S AMERICA 19.5
1003093 I93BZ BZ S AMERICA 6.6
1003095 I95BZ BZ S AMERICA 4.6
1003099 I99BZ BZ S AMERICA 5.8
10031II 2IIBZ BZ S AMERICA 5.4
1003117 2I7BZ BZ S AMERICA 9.9
1010006 B 17.60 BZ S AMERICA 5.2
1010007 BI7.63 BZ S AMERICA 4.6
1013008 8 CL S AMERICA 10.5
1013011 II CL S AMERICA 4.6
1013012 12 CL S AMERICA 6.4
1013014 14 CL S AMERICA 5.5
1013016 16 CL S AMERICA 2.6
1013017 17 CL S AMERICA 9.4
10130)8 18 CL S AMERICA 6.2
Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
1.313 9.14 2.5S 54. IW 100 1 Z 29/43
3.214 12.94 2.5S 54.1W 100 1 Z 29/43
0.583 12.35 1.6S 48.2W 100 1 z 29/43
0.559 12.52 1.6S 48.2W 100 1 z 29/43
0.668 10.93 1.6S 48.2W 100 1 z 29/43
0.793 10.34 1.6S 48.2W 100 1 z 29/43
0.708 12.85 1.6S 48.2W 100 1 z 29/43
0.74 10.00 I.6S 48.2W 100 1 z 29/43
2.386 11.78 I.6S 48.2W 100 1 z 29/43
1.003 11.57 I.6S 48.2W 100 1 z 29/43
0.995 10.75 1.6S 48.2W 100 1 z 29/43
1.887 10.33 1.6S 48.2W 100 1 z 29/43
0.544 12.13 1.6S 48.2W 100 1 z 29/43
0.456 10.09 2.7S 45.7W 100 1 z 29/43
0.557 10.41 2.7S 45.7W 100 1 z 29/43
0.543 9.94 4.2S 40.6W 350 1 z 29/43
0.768 12.89 4.2S 40.6W 350 1 z 29/43
0.443 11.74 21.8S 54.3W 470 82 R 43
0.502 9.16 20.6S 54.3W 350 82 R 43
1.14 9.21 6.5N 77.0W 138 1 Y 29/43
0.385 11.95 6.5N 77.0W 120 1 Y 29/43
0.55 11.64 6.5N 77.0W 320 1 Y 29/43
0.513 10.72 6.5N 77.0W 520 1 Y 29/43
0.19 13.68 6.5N 77.0W 730 1 Y 29/43
0.679 13.84 6.5N 77.0W 820 1 Y 29/43














Profile No. State Country Carbon
1013020 20 CL S AMERICA 9.4
1013021 21 CL S AMERICA 7.9
1013023 23 CL S AMERICA 6.2
1013024 24 CL S AMERICA 11.4
1013026 26 CL S AMERICA 18.6
2001001 370 TL ASIA 10.1
2001002 371 TL ASIA 11.5
2001003 372 TL ASIA 7.8
2001004 373 TL ASIA 8.1
2001005 374 TL ASIA 9.6
2002002 381B1TL TL ASIA 8.3
2002003 38IB2TL TL ASIA 8.1
2002004 38IB3TL TL ASIA 9.2
2002006 382A TL ASIA 3.8
2002008 382B2TL TL ASIA 8.3
2002009 382B3TL TL ASIA 9.5
2002010 382C TL ASIA 2.9
2002011 383A TL ASIA 4
2002012 383BITL TL ASIA 8.2
2002013 383B2TL TL ASIA 8.3
2002014 383B3TL TL ASIA 8.5
200201S 383C TL ASIA 2.9
2002016 384A TL ASIA 3.5
2002017 384BITL TL ASIA 7.4
2002018 384B2TL TL ASIA 10.6
2002019 384B3TL TL ASIA 10.5
Nitrogen C:N Lat Long Elevation Source Hold OET Geology
Ratio
0.786 11,96 6.5N 77.0W 1120 Y 29/43
0.777 10.17 6.5N 77.0W 1220 Y 29/43
0.419 14.80 6.5N 77.0W 1620 Y 29/43
0.855 13.33 6.5N 77.0W 1840 Y 29/43
1.357 13.71 6.5N 77.0W 100 Y 29/43
0.826 12.23 18.3N 98.1E 700 $ 29/43
0.977 11.77 18.3N 98. IE 700 $ 29/43
0.601 12.98 18.3N 98.1E 700 S 29/43
0.71 11.41 18.3N 98. IE 700 $ 29/43
0.802 11.97 I8.3N 98.1E 700 $ 29/43
0.606 13.70 I4.5N 101.9E 400 $ 29/43
0.69 11.74 I4.5N I0I.9E 400 S 29/43
0.657 14.00 I4.5N I0I.9E 400 S 29/43
0.294 12.93 14.5N 101.9E 400 $ 29/43
0.847 9.80 14.5N 101.9E 400 $ 29/43
0.852 11.15 14.5N 101.9E 400 $ 29/43
0.223 13.00 14.5N 101.9E 400 s 29/43
0.29 13.79 14.5N 101.9E 400 s 29/43
0.684 11.99 14.5N I01.9E 400 $ 29/43
0.718 11.56 14.5N I01.9E 400 s 29/43
0.746 11.39 14.5N 101.9E 400 $ 29/43
0.205 14.15 14.5N 101.9E 400 $ 29/43
0.276 12.68 14.5N 101.9E 400 s 29/43
0.661 11.20 14.5N 101.9E 400 s 29/43
0.912 11.62 14.5N 101.9E 400 s 29/43
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Profile No. State Country Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
2003028 402 TL ASIA 3.5 0.254 13.78 18.8N 99.9E 300 1 S 29/43
2003029 402A TL ASIA 1 0.069 14.49 18.8N 99.9E 300 1 $ 29/43
2004001 4I6VN VN ASIA 24.6 1.85 13.30 I0.5N I07.0E 1 1 $ 29/43
2003014 434 TL ASIA 13.3 1.062 12.52 18.5N 99.7E 1000 1 $ 29/43
2068020 CHI LS ASIA 10.6 0.796 13.32 I5.6N I05.9E 150 1 z 29/43 50X
2070001 BT1.0I TL ASIA 8.4 0.691 12.16 I8.6N 99.9E 325 1 Y 29/43 5XX
2070003 BTI.03 TL ASIA 2.9 0.295 9.83 18.3N 99.2E 400 62 Y 43 50X
2070004 BTI.04 TL ASIA 4.9 0.299 16.39 18.5N 98.6E 585 62 Y 43 50X
2070005 BTI.05 TL ASIA 13.6 0.491 27.70 18.5N 98.6E 560 62 Y 43 50X
2070014 BT1.I4 TL ASIA 12.1 0.857 14.12 I8.2N 98.0E 400 1 Y 29/43 7XX
2070016 BTI.I6 TL ASIA 8.3 0.572 14.51 I8.5N 97.9E 430 1 Y 29/43 520
2070018 BTI.I8 TL ASIA 12.2 1.182 10.32 I8.4N 98.0E 550 1 Y 29/43 510
2070023 BTI.23 TL ASIA 9 0.769 11.70 19.IN 99.0E 550 1 Y 29/43 520
2070024 BTI.24 TL ASIA 8.3 0.602 13.79 19.1N 99.0E 575 1 Y 29/43 50X
2070025 BTI.25 TL ASIA 7.1 0.58 12.24 19.4N 98.9E 520 1 Y 29/43 SOX
2070026 BTI.26 TL ASIA 10.1 0.728 13.87 19.4N 99.0E 460 1 Y 29/43 520
2070027 BTI.27 TL ASIA 9.2 0.62 14.84 I8.7N I0O.0E 270 1 Y 29/43 520
2070028 BTI.28 TL ASIA 7.5 0.531 14.12 18.7N I00.0E 280 1 Y 29/43 52X
2070029 BT1.29 TL ASIA 8.1 0.558 14.52 18.7N 100.0E 370 1 Y 29/43 520
2070030 BTI.30 TL ASIA 6.5 0.264 24.62 18.7N 100.0E 350 62 Y 43
2070031 BTI.3I TL ASIA 10.6 0.852 12.44 19.6N I00.0E 540 1 Y 29/43 SOX
2070033 BTI.33 TL ASIA 9.9 0.73 13.56 19.5N 99.5E 595 1 Y 29/43 SOX
2070035 BTI.35 TL ASIA 3.3 0.305 10.82 I8.7N I00.0E 360 1 Y 29/43 SOX
2070037 BTI.37 TL ASIA 3.6 0.296 12.16 I8.7N I00.0E 380 1 Y 29/43 50X
2070038 BTI.38 TL ASIA 6.9 0.453 15.23 I8.3N 99.2E 480 1 Y 29/43 SOX
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4003001 7.1.1 GH AFRICA
4003002 7.1.2 GH AFRICA
4003004 7.2.1 NG AFRICA
4003006 7.2.3 GH AFRICA
4004009 6 IC AFRICA
Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
5 0.45 11.11 10.0N 2.2W
3.8 0.309 12.30 11.8N 15.5W
4.4 0.334 13.17 11.8N 15.5W
5 0.338 14.79 11.8N 15.5W
4.3 0.371 11.59 11.8N 15.5W
4.8 0.309 15.53 11.8N 15.5W
5 0.33 15.15 11.8N I5.5W
3.8 0.29 13.10 11.8N 15.5W
7.2 0.397 18.14 11.8N 15.5W
4.8 0.376 12.77 11.8N I5.5W
5.6 0.322 17.39 11.8N I5.5W
6.2 0.421 14.73 II. 8N 15.5W
11.8 0.597 19.77 11.8N 15.5W
5.8 0.441 13.15 11.8N I5.5W
5.2 0.395 13.16 11.8N I5.5W
5.8 0.344 16.86 11.8N I5.5W
9 0.539 16.70 11.8N I5.5W
2 0.16 12.50 II.8N 15.5W
5.3 0.364 14.56 11.8N I5.5W
46.7 3.911 11.94 11.8N I5.5W
12.2 0.566 21.55 II.8N I5.5W
8.7 0.933 9.32 6.7N I.6W
7.8 0.807 9.67 6.3N 2.3W
3.6 0.294 12.24 I2.0N 6.0E
6.3 0.519 12.14 I0.0N 0.0E
12.2 1.127 10.83 8.0N 2.2W





















100 1 Z 29/43 6 IX
100 1 Z 29/43 6 IX
100 69 Y 43 70X
100 69 Z 43 OOX












Profile No, State Country Carbon Nitrogen C:N 
Ratio
Lat Long Elevation Source Hold OET Geology
4004011 2 DA AFRICA 1.5 0.117 12.82 9.0N 2.7E 400 72 Y 43
4004012 4 NG AFRICA 13.9 1.109 12.53 9.6N 8.3E 1000 72 ? 43
4005006 PH06 UG AFRICA 10.4 1.069 9.73 0.5N 33.2E 1250 1 R 29/43
6005019 61-PR-4-2 CAR1B 5.6 0.451 12.42 18.2N 66.3 W 350 1 ? 29/43 359
6005075 58-PR-9-I CARIB IS.l 1.308 11.54 18.4N 60.2W 3 1 ? 29/43 7XX
6005117 63-PR-16-2 CARIB 12.8 1.247 10.26 I8.3N 66.0W 350 1 7 29/43 7XX
7004091 61-HA-7-5 HAITI 13.7 1.416 9.68 21.3N 157.8W 96 1 ? 29/43 7XX
8001006 07ML INDONESIA 8.5 0.857 9.92 5.2N 103.2E 200 1 S 29/43
8001008 09ML INDONESIA 11.9 0.896 13.28 2.8N I0I.4E 1 1 S 29/43
8001018 I9ML INDONESIA 10.9 1.116 9.77 4.0N I00.9E 5 1 $ 29/43
8001034 35ML INDONESIA 22.6 2.004 11.28 1.9N I03.0E 1 1 $ 29/43












APPENDIX V a. -  Olson Ecosystem Type codes that appear in the Global C:N database
ECOSYSTEM CODE ECOSYSTEM CODE
Main Taiga 20 Marsh, Swamp forests 45
Main Taiga 21 Mediterranean scrub and woods 46
Cool Conifer Forest 22 Sparse woodland and shrubland 47
Cool Hardwood Conifer Mixed 23 Warm semi-arid woodlands 48
Warm Broadleaf Conifer Mixed 24 Low scrub 49
Cool Deciduous Forest 25 Scrub.herb bare desert 50
Warm Broadleaf Forest 26 Hot desert/shrubland 51
Warm Conifer Forest 27 Cool desert shrubland 52
Tropical Broadleaved Humid Forest 29 Tundra 53
Cool Farms/Grass scrub 30 Cool Farms/grass/shrub 55
Warm Farm/Grass scrub 31 Warm forest farm comples 56
Seasonally Dry Tropical Forest 32 Cold forest farm complex 57
Paddylands 36 Warm farm/grass/sc rub/woods 58
Cool Grassland 40 Tropical thom/succulents 59
Miscellaneous Grassland 41 Siberian Steppe 60
Cold Rangelands 42 Northern Taiga/sub-alpine 62
Tropical Savannah 43 Wooded Tundra 63
Bogs and Bog Woods 44 Heath Moorland 64
Peat/Boreal Mix 65/22 Peatlands 65
APPENDIX V b. Source of data in the Global C:N database
1. Zinke P J, Stangenberg A G, Post W M, Emanuel W R, and Olson J S. 1986. 
"Worldwide organic soil carbon and nitrogen data." NDP-018. Carbon Dioxide 
Information Center, Oak Ridge National Laboratory, Oak Ridge, Tennessee.
2. Laing D, 1976. The soils of the country around Perth Arbroath and Dundee. 
Edinburgh: Department for Agriculture and Fisheries HMSO.
3. Huang W Z and Schoenau J J. 1997. "Forms, amounts and distribution of carbon, 
nitrogen and phosphorous and sulfur in a boreal aspen forest soil." Can. J. Soil. 
Sci. 76:373-85.
4. Johnson D W and Lindberg S E, 1992. Atmospheric deposition and forest nutrient 
cycling: A synthesis of the Integrated Forest Study. New York: Springer-Verlag.
5. David M B and Lawrence G B. 1996. "Soil and soil solution chemistry under Red 
Spruce stands across northeastern United States." Soil Sci. 161(5):314-28.
6. Glentworth R, 1954. The soils of the county around Banff, Huntly & Turriff. 
Edinburgh: Department of Agriculture for Scotland HMSO.
7. Heslop R E F  and Brown C J, 1969. The soils of Candacraig and Glenbuchat. 
Craigiebuckler, Aberdeen: The Macaulay Institute for Soil Research.
8. Jukka Laine. Personal communication
9. McDowell W H, Bowden W B and Asbury C E, 1992. Riparian nitrogen
dynamics in two geomorphologically distinct tropical rain forest watersheds: 
subsurface solute patterns, Biogeochem. 18:53-75.
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7XX Sedimentary (weakly consolidated)
8XX Organic material
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